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I. REAL PARTY IN INTEREST 

The real party in interest is E.I. du Pont de Nemours and Company 
(/?ere//7a/ifer"DuPont"), owner of the Application. 

II. RELATED APPEALS AND INTERFERENCES 

There are no other appeals or interferences known to Applicants, Applicants' 
legal representative, or DuPont that will directly affect or be directly affected by or 
have a bearing on the Board of Patent Appeals and Interferences' {hereinafter the 
"Board") decision in the present Appeal. 

III. STATUS OF THE CLAIMS 

Claims 26 and 30-40 stand rejected and are the subject of this Appeal. 
Originally-filed claims 1-25 and 27-29 have been canceled. 

IV. STATUS OF AMENDMENTS 

In response to the Final Office Action, Applicants amended claim 26 to 
change the percent identity in part (a) from 90% to 95%. Claim 29 was canceled. 
As of the filing date of this Appeal Brief, the Examiner has not acted upon the 
amended claim or the canceled claim. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

Claim 26, the only independent claim, relates to an isolated polynucleotide 
comprising: (a) a nucleotide sequence encoding a polypeptide having diacylglycerol 
acyltransferase activity (see, e.g., Applicants' Specification at page 1, lines 25-26; 
page 3, lines 9-10), wherein the polypeptide has an amino acid sequence of at least 
95% sequence identity when compared to SEQ ID NO: 16 (see, e.g., Applicants' 
Specification at page 8, lines 4-6) based on the Clustal alignment method with 
painA/ise alignment default parameters of KTUPLE=1 , GAP PENALTY=3, 
WINDOW=5 and DIAGONALS SAVED=5 (see, e.g., Applicants' Specification at 
page 8, lines 12-16), or (b) a full-length complement of the nucleotide sequence of 
(a) (see, e.g.. Applicants' Specification at page 5, lines 25-28). 
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VI, GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

Whether claims 26 and 30-40 have utility under 35 U.S.C. § 101. 

Whether claims 26 and 32-40 are supported by sufFlcient written description 
under 35 U.S.C. § 1 12, 1^^ Paragraph. 

Whether claims 26 and 30-40 are enabled under 35 U.S.C. §1 12, 1^* 
paragraph, because the claimed invention is allegedly not supported by either a 
specific and/or substantial asserted utility or a well-established utility. 

Whether claims 26 and 30-40 are enabled under 35 U.S.C. § 1 12. 1®* 
Paragraph. 

VII, ARGUMENT 

A. Claims 26 and 30-40 Have Sufficient Utility as Required by 35 U.S.C. § 
101, 

In the August 8, 2007, Final Office Action, Claims 26 and 30-40 were rejected 
under 35 U.S.C. § 101 as not being supported by either a specific and/or substantial 
assorted utility or a well-established utility. 

For an invention to have utility, "at least one specific, substantial, and credible 
utility" must be either disclosed in the specification or well-established for the 
invention. Utility Examination Guidelines, 66 Fed. Reg. 1092, 1094 (Jan. 5, 2001). 
Based upon this standard, Applicants respectfully submit that the present rejection 
under 35 U.S.C. § 101 for lack of utility is improper because at least one specific, 
substantial, and credible utility for the present application was asserted or is well- 
established. The standard for utility is a low one, with the MPEP noting that any 
utility beyond a "throw-away", "insubstantial", or "nonspecific" utility is sufficient to 
satisfy the utility requirement of 35 U.S.C. 101. MPEP § 2107(ll)(B)(1)(i). The 
instant disclosure fulfills this low standard, as here Applicants have asserted 
diacylglycerol acyltransferase (DGAT) activity as a utility of the present invention. 

The Office rejected the claims as lacking this asserted utility. "To properly 
reject a claimed invention under 35 U.S.C. 101 , the Office must (A) make a prima 
facie showing that the claimed invention lacks utility, and (B) provide a sufficient 
evidentiary basis for factual assumptions relied upon in establishing the prima facie 
showing." MPEP § 21 07.02(1 V) (citing In re Gaubert, 524 F.2d 1222, 1224. 18 
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USPQ 664. 666 (CCPA 1975)). Applicants respectfully submit that the Examiner's 
evidence fails to establish a prima facie case of lack of utility. The Examiner's 
evidence consists of (1) citations to irrelevant journal articles and (2) an incorrect 
conclusion that Applicants failed to provide an assay for determining DGAT activity. 
Regarding the journal articles, several of these references relate to the dangers of 
relying on sequence comparisons for determining the activity of a protein. December 
18, 2006, Non-Final Office Action, at 3-4 {hereinafter ''NF Office Action"). First, novel 
gene sequences routinely have their function identified correctly by sequence 
comparison. Second, the USPTO uses sequence homology to search the prior art. 
Third, in the particular case of DGAT, four "putative" DGAT proteins from human, 
Arabidopsis, soybean, and wheat were subsequently shown to all have the expected 
DGAT activity. Consequently, for Applicants' protein of interest, the validity of 
sequence comparison has been documented. 

The remaining references cited in the NF Office Action relate to determining 
the activity of enzymes that modify fatty acids based on sequence identity to known 
proteins. NF Office Action, at 4-5. The cited references, however, do not relate to 
determining DGAT activity from previously known sequences, and the Examiner 
provides no evidence that the difficulties set forth in those references are applicable 
to DGATs. 

Regarding the second basis of the Examiner's utility rejection, the Examiner 
stated that "the specification does not provide any additional information, such as an 
enzvme assay , to establish the utility of the claimed sequences." Id. at 3 (emphasis 
added). Applicants, however, provided in Example 8 of their Specification a citation 
to a journal article containing a DGAT assay, Andersson et ai, J. Lipid. Res. 35:535- 
45 (1994). The assay in Andersson et al. was developed to assay DGAT purified 
from rat livers. Briefly, rat livers are isolated, homogenized, and microsomes are 
purified. Microsomes are then treated with detergent, sonication, and filtration to 
obtain enzyme preparations. 1,2-Dioleoyl-sn-glycerol and radioactively-labeled 
palmitoyl-CoA are used as substrates. The triacylglycerol product is purified by thin- 
layer chromatography, and the amount is measured by use of a liquid scintillator. 
Because it is well-established that an applicant need not disclose that which is 
known in the art. In re Buchnen 929 F.2d 660, 661, 18 USPQ2d 1331, 1332 (Fed. 
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Cir. 1991), Applicants' citation of this reference in the specification should be 

sufficient evidence of a well-established utility, that is DGAT activity, and therefore 

the Examiner's failure to establish a prima facie case of lack of utility. 

Even if the Examiner established a prima facie case of lack of utility, 

Applicants provided sufficient evidence showing that the asserted utility is 

substantial, specific, and credible. If an examiner meets the burden of establishing a 

prima facie case of lack of utility, "the burden of coming fon/vard with evidence or 

argument shifts to the applicant. . . . After evidence or argument is submitted by the 

applicant in response, patentability is determined on the totality of the record, by a 

preponderance of evidence with due consideration to persuasiveness of argument." 

In re Oetiker, 977 F.2d 1443, 1445, 24 USPQ2d 1443, 1444 (Fed. Cir. 1992); see 

also In re Langer, 503 F.2d 1380, 1391-92. 183 USPQ 288, 297 (CCPA 1974) 

("Assuming that sufficient reason to question the statement and its scope does exist, 

a rejection for lack of utility under § 101 will be proper on that basis; such a rejection 

can be overcome by suitable proofs indicating that the statement of utility and its 

scope as found in the specification are true.").^ The utility requirement for inventions 

relating to nucleic acid sequences can be satisfied by basing an asserted use "upon 

homology to existing nucleic acids or proteins having an accepted utility." Utility 

Examination Guidelines, 66 Fed. Reg. 1092, 1096 cmt. 19 (Jan. 5, 2001). 

When a class of proteins is defined such that the members share a 
specific, substantial, and credible utility, the reasonable assignment of 
a new protein to the class of sufficiently conserved proteins would 
impute the same specific, substantial, and credible utility to the 
assigned protein. If the preponderance of the evidence of record, or of 
sound scientific reasoning, casts doubt upon such an asserted utility, 
the examiner should reject the claim for lack of utility under 35 U.S.C. 
101. For example, where a class of proteins is defined by common 
structural features, but evidence shows that the members of the class 
do not share a specific, substantial functional attribute or utility, despite 
having structural features in common, membership in the class may 
not impute a specific, substantial, and credible utility to a new member 
of the class. 



^ Under a preponderance of the evidence standard, "evidence will be sufficient if, considered as a 
whole, it leads a person of ordinary skill in the art to conclude that the asserted utility is more likely 
than not true ." MPEP § 2107.02(VII) (emphasis in original). 
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Id. As detailed below, Applicants' evidence demonstrates, by at least a 
preponderance of the evidence, that the DGAT activity of the claimed sequences is a 
substantial, specific, and credible utility. 

Substantial Utility 

Applicants' evidence establishes that DGAT activity is a "substantial" activity. 
"Courts have used the labels 'practical utility' and Yeal world' utility interchangeably 
in determining whether an invention offers 'substantial' utility." In re Fisher, 421 F.3d 
1365, 1371, 76 USPQ2d 1225. 1230 (Fed. Cir. 2005). "Practical utility' is a 
shorthand way of attributing Yeal-world' value to claimed subject matter. In other 
words, one skilled in the art can use a claimed discovery in a manner which provides 
some immediate benefit to the public." Nelson v. Bolwen 626 F.2d 853, 856, 206 
USPQ 881, 883 (CCPA 1980). As noted in the specification, "DGAT plays a 
fundamental role in the metabolism of glycerolipids" (page 1, line 15). Further, 
"DGAT is important for the generation of seed oils . . ." (page 1 , line 21). The 
product of the DGAT reaction is triacylglycerol, and "[i]n eukaryotic cells 
triacylglycerols are quantitatively the most important storage form of energy" (page 1 , 
lines 11-12). 

Further, Applicants note that DGAT activity does not fall into the categories of 

situations requiring further research to establish a substantial utility. The MPEP sets 

forth the following examples of insubstantial utilities: 

(A) Basic research such as studying the properties of the claimed 
product itself or the mechanisms in which the material is involved; (B) 
A method of treating an unspecified disease or condition; (C) A method 
of assaying for or identifying a material that itself has no specific and/or 
substantial utility; (D) A method of making a material that itself has no 
specific, substantial, and credible utility; and (E) A claim to an 
intermediate product for use in making a final product that has no 
specific, substantial and credible utility. 

MPEP § 21 07.01 (l)(B) (emphasis in original). DGAT activity is not a study of the 

basic properties of the claimed sequences; it is not a method of treating an 

unspecified disease; it is not a method of identifying another material; it is not 

method of making a material; and it is not an intermediate product. While not being 

in one of these examples is not conclusive evidence of substantial utility. Applicants 
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believe that DGAT activity is so far removed from the insubstantial nature of these 
examples to question how the Examiner can consider DGAT activity to be 
insubstantial. 

Specific Utility 

Applicants' asserted utility is "specific". "A 'specific utility' is specific to the 
subject matter claimed and can 'provide a well-defined and particular benefit to the 
public.'" Id. § 2107.01(I)(A) (quoting Fisher, 421 F.3d at 1371. 76 USPQ2d at 1230 
(emphasis in original)). For the "specific" utility requirement, "an application must 
disclose a use which is not so vague as to be meaningless." Fisher, 421 F.3d at 
1371. 76 USPQ2d at 1230. DGAT activity is specific because it is an enzymatic 
activity for the conversion of specific substrates, fatty acyl CoA and diacylglycerol, to 
specific products, triacylglycerols. Benefits to the public of DGAT activity include, for 
example, increasing the oil content of oilseeds when DGAT activity is overexpressed 
and diversion of carbon into other metabolites when DGAT activity is suppressed 
(page 1 , lines 21-23). Further, DGAT activity cannot be called "vague", ^ as the 
nature of the reaction converting diacylglycerols to triacylglycerols (EC 2.3.1.20) has 
been known for quite some time. See, e.g., Andersson et al., J. Lipid. Res. 35:535- 
45 (1994) and Cases et ai, Proc. Natl. Acad. Sci. USA 95:13018-23 (1998). which 
each cite to a 28-year-old review article (Bell, Annu. Rev. Biochem. 49:459-87 
(1980)) for t)ackground information on DGATs. 

Credible Utilitv 

Finally. Applicants' asserted utility is credible. "Credibility is assessed from 
the perspective of one of ordinary skill in the art in view of the disclosure and any 
other evidence of record (e.g., test data, affidavits or declarations from experts in the 
art, patents or printed publications) that is probative of the applicant's assertions." 
MPEP § 2107(ll)(B)(1)(ii). "An applicant need only provide one credible assertion of 



^ According to Merriam-Webster's Dictionary, the definition of "vague" that appears to be most 
relevant here is "not clearly defined, grasped, or understood." See Merriam-Webster's Online 
Dictionary, at http://www.m-w.com/cgi-bin/dictionary?book=Dlctionary&va=vague (last visited Oct 7, 
2007). 
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specific and substantial utility for each claimed invention to satisfy the utility 
requirement." Id. 

The thrust of the Examiner's attack on the utility of the present invention 
appears to be directed at the credibility requirement. For example, the Examiner 
questions Applicants* assertion of DGAT activity based on sequence homology to 
other known DGATs and questions Applicants' 132 Declaration filed on May 17, 
2007 {hereinafter 32 Declaration") as being based on a DGAT assay from a post- 
filing reference. August 8, 2007, Final Office Action, at 3 (A7ere/na/ifer "Final Office 
Action"). The Examiner's questioning of Applicants' assertions and data is flawed, 
however, because while "an asserted use must show that that [sic] claimed invention 
has a significant and presently available benefit to the public," Fisher, 421 F.3d at 
1371, 76 USPQ2d at 1230, an applicant can overcome a utility rejection "by suitable 
proofs indicating that the statement of utility and its scope as found in the 
specification are true ." Langer, 503 F.2d at 1391-92, 183 USPQ at 297 (emphasis 
added). Evidence submitted to confirm a fact found in the specification as filed can 
include "after-filed" information. See, e.g.. In re Brana, 51 F.3d 1560, 1567 n.19, 34 
USPQ2d 1436, 1441 n.19 (Fed. Cir. 1995) (finding that a declaration "dated after 
applicants' filing date, can be used to substantiate any doubts as to the asserted 
utility since this pertains to the accuracy of a statement already in the specification. 
It does not render an insufficient disclosure enabling, but instead goes to prove that 
the disclosure was in fact enabling when filed (i.e., demonstrated utility)."). Here, the 
data described in the 132 Declaration was produced using a journal article published 
post-filing, but such data was submitted only to confirm a fact found in the 
specification as filed, namely, that the claimed invention has DGAT activity . Thus, 
the only review that the Examiner should have undertaken was whether the asserted 
DGAT activity was credible, that is, whether the "the reliability of the statement based 
on the logic and facts that are offered by the applicant [supported] the assertion of 
utility." MPEP§2107.02(III)(B). 

The 132 Declaration demonstrates that the asserted utility is credible. As 
described in the 132 Declaration, the soybean protein encoded by cDNA clone 
srI .pkOOS.aS and the wheat protein encoded by cDNA clone wri .pkOI 19.b6:fis were 
expressed in the yeast Saccharomyces cerevisiae. The yeast strain used was a 
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mutant strain in which the DGAT gene. DGA1 , and the PDAT gene. LR01 . had been 
deleted. Microsomal fractions were prepared from the transgenic yeast lines, and 
DGAT assays were performed using radioactively-labeled oleoyl-CoA and 
endogenous diacylglycerol. Triacylglycerol (TAG) was isolated by thin-layer 
chromatography and TAG was measured using liquid scintillation counting. The 
protein preparation from yeast transformed with the soybean gene produced 868 +/- 
25 units of activity (pmol of TAG/min/mg of microsomal protein), the protein 
preparation from yeast transformed with the wheat gene produced 521 +/- 7 units of 
activity, and the protein preparation from yeast transformed with the vector control 
produced 21 +/- 10 units of activity. Consequently, the soybean protein encoded by 
srI .pk008.a8 and the wheat protein encoded by cDNA clone wri .pkOI 19.b6:fis were 
each shown to have DGAT activity. 

Further, the showing of DGAT activity for only one species of the claimed 
genus is sufficient because the claimed sequences are related by 95% sequence 
identity. "Where an applicant has established utility for a species that falls within an 
identified genus of compounds, and presents a generic claim covering the genus, as 
a general matter, that claim should be treated as being sufficient under 35 U.S.C. 
101." MPEP § 2107.02; see also Brana, 51 F.3d at 1567, 34 USPQ2d at 1442 
("[EJvidence of success in structurally similar compounds is relevant in determining 
whether one skilled in the art would believe an asserted utility."). Here, the 132 
Declaration demonstrates DGAT activity for one of the species within claim 26. a 
sequence having one amino acid difference from SEQ ID NO: 16. 132 Declaration at 
3-4. In accordance with MPEP § 2107.02, Applicants' data should be sufficient for 
the entire claimed genus. 

From the facts of the present case, the only reasonable conclusion is that 

Applicants' statement of asserted utility is credible. Applicants' use of a test from a 

well-respected journal (The Journal of Biological Chemistry) and the conclusiveness 

of the results in the 132 Declaration should have convincingly established to the 

Examiner the credibility of the asserted utility. Further, office personnel 

must treat as true a statement of fact made by an applicant in relation 
to an asserted utility, unless countervailing evidence can be provided 
that shows that one of ordinary skill in the art would have a legitimate 
basis to doubt the credibility of such a statement. Similariy, Office 
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personnel must accept an opinion from a qualified expert that is based 
upon relevant facts whose accuracy is not being questioned; it is 
improper to disregard the opinion solely because of a disagreement 
over the significance or meaning of the facts offered. 

MPEP § 2107(11). As noted above, the Examiner's countervailing evidence of lack of 

utility is weak at best, and is certainly not enough to tip the scale of preponderance 

of evidence towards lack of utility. Applicants should not have been required to 

describe the Andersson assay in the specification, because these experiments and 

other DGAT assays were well-known in the art at the time the present application 

was filed. Further, disregarding the 132 Declaration because it involved a test for 

DGAT activity developed post-filing was clear error, and, in any event, does nothing 

to refute the facts presented in the 132 Declaration, namely that SEQ ID NO:16 has 

DGAT activity as stated in the specification as filed . 

In light of the above, Applicants respectfully request withdrawal of the 

rejection under 35 U.S.C. § 101. 

B. Claims 26 and 30-40 Comply with the Written Description 
Requirement of 35 U.S.C. § 112, 1^* Paragraph. 
1. Claims 26 and 32-40 

Claim 26 is drawn to an isolated polynucleotide encoding a polypeptide 
having DGAT activity and at least 95% sequence identity to SEQ ID NO: 16. 
Dependent claims 30-40 also require the isolated polynucleotide to encode a 
polypeptide having DGAT activity. 

Applicants' claimed invention substantially conforms to Example 14 of the 
"Synopsis of Application of Written Description Guidelines", 66 Fed. Reg. 1099 (Jan. 
5, 2001), available at http://www.uspto.gov/web/menu/written.pdf (last visited Oct. 5, 
2007) {hereinafter 'V\/r\nen Description Guidelines"). In Example 14 of the Written 
Description Guidelines, the exemplary claim is directed to "A protein having SEQ ID 
NO:3 and variants thereof that are at least 95% identical to SEQ ID NO:3 and 
catalyze the reaction of A^B." Written Description Guidelines, at 53. Included in the 
Example 14 specification are "indicat[ions] that procedures for making proteins with 
substitutions, deletions, insertions and additions is routine in the art and ... an assay 
for detecting the catalytic activity of the protein." Id. Under the "Analysis" section of 
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Example 14, the requirements of 95% identity to SEQ ID NO:3 and having catalytic 

activity "are essential to the operation of the claimed invention." Id, The procedures 

of making and testing sequences having 95% identity to SEQ ID NO: 3 are 

determined to be "conventional." Id, Example 14 concludes that 

[t]he single species disclosed is representative of the genus because 
all members have at least 95% structural identity with the reference 
compound and because of the presence of an assay which applicant 
provided for identifying all of the at least 95% identical variants of SEQ 
ID NO: 3 which are capable of the specified catalytic activity. One of 
skill in the art would conclude that applicant was in possession of the 
necessary common attributes possessed by the members of the 
genus. 

Id. at 54-55. 

Applicants' claimed invention, though directed to the nucleotide sequences 
encoding the proteins having DGAT activity, is structured similarly to that of the 
Example 14 claim. The claimed nucleotide sequences encode proteins having 95% 
identity to SEQ ID NO: 16, with the encoded proteins having DGAT activity. Like 
Example 14, there is not substantial variation in the encoded proteins, because the 
entire genus must have 95% sequence identity to SEQ ID NO:16 and have DGAT 
activity. Further, Applicants provided a DGAT assay, described above, used to 
identify the proteins having 95% sequence identity to SEQ ID NO: 16 that also have 
DGAT activity. Procedures for producing proteins having 95% identity to SEQ ID 
NO: 16 are well-known in the art (see, e.g., page 12, line 16 - page 13, line 35), 

Applicants also take issue with the Examiner's statement that a further reason 
for claim 26 failing the written description requirement was that "neither the 
specification nor the prior art discloses any polypeptide that is at least 90% identical 
to SEQ ID NO:16 except for SEQ ID NO:16 itself." Final Office Action, at 4. First, if 
the prior art disclosed a sequence having 90% identity to SEQ ID NO: 16. then claim 
26 in its version set forth in the Response to NF Office Action could possibly be 
obvious for claiming a nucleotide sequence of a known protein. A claim to a protein 
having 90% identity to SEQ ID NO: 16, such as that in the canceled claims directed 
to amino acid sequences having 90% identity to SEQ ID NO: 16, would be 
anticipated . As the Examiner appears to acknowledge through the absence of 
section 102 and 103 rejections in either the NF Office Action or the Final Office 



12 



Serial No. 10/690.994 
Docket No. BB1295 US CNT 



Action, the claimed sequences at 90% identity to SEQ ID NO: 16 are novel and 

nonobvious over the prior art. so disclosure of prior art sequences within the scope 

of claim 26 is not possible without anticipating the invention. Second, disclosing 

every variant of SEQ ID NO: 16 having 90% identity thereto accomplishes nothing but 

creating a sequence listing of thousands of pages. The written description 

requirement is not so rigid. Accord Falkner v. Inglis, 448 F.3d 1357, 1367, 79 

USPQ2d 1 001 , 1 008 (Fed. Cir. 2006) ("[l]t is the binding precedent of [the Federal 

Circuit] that Eli Lilly does not set forth a perse rule that whenever a claim limitation is 

directed to a macromolecular sequence, the specification must always recite the 

gene or sequence, regardless of whether it is known in the prior art."). Having 

sufficient written description in a specification merely requires an application to show 

possession of the invention to one of ordinarv skill in the art . Vas-Cath, Inc. v. 

Mahurkan 935 F.2d 1555. 1563-64. 19 USPQ2d 1111, 1117 (Fed. Cir. 1991). By 

showing one sequence having 90% identity to SEQ ID NO: 16 in the specification, 

that is SEQ ID NO: 16 itself, the skilled artisan would know that every possible 

sequence having 90% identity thereto is readily ascertainable without reference to a 

sequence listing showing every possible variant of SEQ ID NO: 16. The same of 

course is true for the even narrower claim of 95% identity to SEQ ID NO: 16. 

The lack of working examples and absence of disclosed structure should not 

affect the written description analysis. In Falkner, the Federal Circuit confirmed that 

(1) examples are not necessary to support the adequacy of a written 
description (2) [sic] the written description standard may be met . . . 
even where actual reduction to practice of an invention is absent; and 
(3) there is no per se rule that an adequate written description of an 
invention that involves a biological macromolecule must contain a 
recitation of known structure. 

448 F.3d at 1366. 79 USPQ2d at 1007 (emphasis in original). Falkner a\so noted 

that "a requirement that patentees recite known DNA structures, if one existed, 

would serve no goal of the written description requirement. It would neither enforce 

the quid pro quo between the patentee and the public by forcing the disclosure of 

new information, nor would it be necessary to demonstrate to a person of ordinary 

skill in the art that the patentee was in possession of the claimed invention." Id. at 

1368, 79 USPQ2d at 1008. Possession of the claimed invention here relates to the 
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structure, identity to SEQ ID NO: 16 (the structure of which is undisputed as 
evidenced by the actual sequence), correlated with function, DGAT activity. 

Applicants thus respectfully request withdrawal of the rejection of claims 26 
and 30-40 under 35 U.S.C. § 112, first paragraph, written description. 

2. Claims 30 and 31 

Claim 30 is directed to an isolated nucleic acid sequence comprising SEQ ID 
NO: 15. The Examiner rejected claim 30 as failing to comply with the written 
description requirement, though neither the NF Office Action nor the Final Office 
Action specifically discusses this claim. Applicants thus assume that the reasons for 
rejecting claim 30 for failing to comply with the written description requirement are 
the same as those for claim 26. 

Applicants do not understand how presentation of a defined sequence fails to 
show possession of a claimed invention. The USPTO routinely allows such claims, 
and the Written Description Guidelines specifically note in Example 8 that such 
claims accompanied by evidence of sequence homology to a known activity satisfy 
the written description requirement Written Description Guidelines, at 33-35. In 
Example 8, a specific open reading frame ("ORF") is disclosed as having high 
homology to a DNA ligase, and the specification thus asserts that the ORF is a DNA 
ligase. Id. at 33. The sample claim in the Example reads "An isolated and purified 
nucleic acid comprising SEQ ID NO:2." Id. As Example 8 notes, this claim is drawn 
to a genus of nucleotide sequences that minimally contain the claimed sequence, 
and that a single species of this genus, the ORF itself, is disclosed. Id. at 34. 
Example 8 concludes that this disclosure is sufficient written description to support 
the sample claim. Id. at 35. 

Here, Applicants claim a polynucleotide encoding an amino acid sequence 
that Applicants deduced to be a DGAT. Sequence homology to known DGATs 
evidences that SEQ ID NO: 16 is a DGAT (see Example 8 of Applicants' 
Specification, at page 21, line 7 - page 23, line 4), which the 132 Declaration 
confirms. As such, Applicants believe that Example 8 of the Written Description 
Guidelines is directly on point with present claim 30 and, in light thereof, that the 
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Examiner should have found sufficient written description in Applicants' Specification 
for claim 30. 

Turning to claim 31 , it is broader than claim 30, but is still specifically defined 
by a sequence, that is a nucleotide sequence encoding SEQ ID NO:16. While 
Applicants only disclosed SEQ ID NO:15 as a nucleotide sequence encoding SEQ 
ID NO:16, because of the link between the genetic code and the amino acid 
sequences coded thereby (which is undeniably well known to the skilled artisan), all 
possible coding sequences for SEQ ID NO:16 can be readily determined by the 
skilled artisan without further assistance from the Applicants. Yet, as with claim 30, 
the Examiner rejected claim 31 , without comment, as failing to comply with the 
written description requirement. 

This situation is also covered by the Written Description Guidelines. In 
Example 1 1, the specification discloses a DNA sequence (SEQ ID NO:1) that 
encodes a cell surface receptor for adenovirus, designated protein X (SEQ ID NO:2). 
Written Description Guidelines, at 41. Sample claim 1 reads: "An isolated DNA that 
encodes protein X (SEQ ID NO:2)." Id. In the analysis of this claim. Example 1 1 
notes that 

Claim 1 is drawn to a genus of DNAs that encode amino acid 
sequence SEQ ID NO:2, i.e., all sequences degenerately related by a 
genetic code table to SEQ ID NO:1. Although only one specie within 
the genus is disclosed, SEQ ID NO:1, a person of skill in the art could 
readily envision all the DNAs degenerate to SEQ ID NO:1 by using a 
genetic code table. One of skill in the art would conclude that applicant 
was in possession of the genus based on the specification and the 
general knowledge in the art concerning a genetic coding table. 

Id. at 41-42. Applicants' claim 31 and Specification are no different. Claim 31 is 

drawn to a nucleotide sequence encoding the amino acid sequence of SEQ ID 

NO:16. One species, SEQ ID NO:15, of the claimed genus is disclosed, but the 

skilled artisan can readily envision all other members of the genus because of the 

degeneracy of the genetic code. Thus, in accordance with Example 1 1 of the 

Written Description Guidelines, the Examiner should have determined that claim 31 

is supported by sufficient written description. 

Applicants thus respectfully request removal of the written description 

rejections for claims 30 and 31. 
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D. Because Claims 26 and 30-40 are Supported by Either a Specific 
and/or Substantial Asserted Utility or a Well Established Utility, 
Applicants have Enabled the Skilled Artisan to Use the Claimed 
Inventions. 

Claims 26 and 30-40 were rejected under 35 U.S.C. §112, first paragraph, for 
lack of enablement, because the claimed invention is allegedly not supported by 
either a specific and/or substantial asserted utility or a well established utility. 
Applicants respectfully submit, for reasons cited in Section (VII)(A), supra, regarding 
the rejection under 35 U.S.C. § 101, that there is a specific and substantial utility for 
the claimed inventions. Applicants thus request removal of the related enablement 
rejections of claims 26 and 30-40. 

E. Claims 26 and 30-40 are Enabled Under 35 U.S.C. § 112, 1®* 
Paragraph. 

Claims 26 and 30-40 were rejected for lack of enablement for sequences that 
encode a polypeptide with at least 95% sequence identity to SEQ ID NO: 16, for lack 
of guidance as to which amino acid changes could be made and still produce a 
functional enzyme. 

Applicants agree with the Examiner that a specification must enable one of 
ordinary skill in the art to make and use the claimed invention without undue 
experimentation. Applicants respectfully submit, however, that the Examiner's 
conclusion of nonenablement of sequences having 95% identity to SEQ ID NO: 16 is 
erroneous because any experimentation needed to practice the present invention 
would be routine. "[A] patent specification complies with the statute even if a 
'reasonable' amount of routine experimentation is required in order to practice a 
claimed invention, but that such experimentation must not be 'undue/" Enzo 
Biochem, Inc. v. Calgene, Inc., 118 F.3d 1362, 1371, 52 USPQ2d 1129, 1135 (Fed, 
Cir 1999). Factors to consider when deciding whether experimentation is undue 
include: "{^) the quantity of experimentation necessary, (2) the amount of direction 
or guidance presented, (3) the presence or absence of working examples, (4) the 
nature of the invention, (5) the state of the prior art, (6) the relative skill of those in 
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the art, (7) the predictability or unpredictability of the art, and (8) the breadth of the 
claims." In re Wands, 858 F.2d 731, 737. 8 USPQ2d 1400, 1404 (Fed. Cir. 1988). 
Applicants address each of the W/ands factors below. 

(1) The quantity of experimentation needed is quite low. As noted above, 
methods of producing nucleotide sequences are well-known in the art. The method 
of testing for DGAT activity cited in the specification is known in the art and has been 
relied on several times by other research groups for showing DGAT activity. For 
example, Cases etaL (Proc. Natl. Acad. Sci. USA 95:13018-23 (1998)) use a 
modification of the procedure of Andersson et ai to assay DGAT activity. 

(2) The specification provides sufficient direction for producing nucleotide 
sequences encoding proteins having 95% identity to SEQ ID NO: 16, and a specific 
assay for DGAT activity is provided. 

(3) Applicants admit that there are no working examples showing DGAT 

activity in the specification. The specification's lack of working examples, however, 

does not automatically equate to nonenablement of the claimed invention. 

A claim will not be invalidated on section 112 grounds simply because 
the embodiments of the specification do not contain examples explicitly 
covering the full scope of the claim language. That is because the 
patent specification is written for a person of skill in the art, and such a 
person comes to the patent with the knowledge of what has come 
before. 

LizardTech, Inc. v. Earth Resoune Mapping, Inc., 434 F.3d 1336, 1345, 76 USPQ2d 
1724, 1732 (Fed. Cir. 2005) (internal citation omitted). 

(4) The invention is one of nucleotide sequences encoding proteins having 
DGAT activity. Such an invention requires some experimentation for even routine 
techniques. 

(5) Applicants' first provisional application, U.S. Patent Application Serial No. 
60/110,602, filed December 2, 1998, contained partial sequences for a DGAT protein 
from corn (SEQ ID NO:4), rice (SEQ ID NO:12), soybean (SEQ ID NO:18) and wheat 
(SEQ ID NO:20). Applicants' second provisional application, U.S. Patent Applicafion 
Serial No. 60/127,111, filed March 3, 1999, contained complete coding sequences 
for the DGAT protein from soybean (SEQ ID NO:16) and Arabidopsis (SEQ ID 
NO:2). Prior to filing of Applicants' first provisional application, the sequence was 
known for a mouse DGAT gene (Cases et ai, Proc, Natl. Acad. Sci. USA 95:13018- 



Serial No. 10/690,994 
Docket No. BB1295 US CNT 

23 (1998)) and a putative human DGAT gene (Oelkers etal., J. Biol. Chem. 
273:26765-71 (1998)). Additionally, a mutant in Arabidopsis. AS11, in the TAG1 
locus was known that resulted in plants with reduced DGAT activity (Katavic et al., 
Plant Physiol. 108:399-409 (1995)). The TAG1 locus was subsequently identified as 
encoding the DGAT gene (Zou et ai. Plant J. 19:645-53 (1999)). In detennining the 
DGAT activity of the mouse gene, Cases et aL used DGAT coding sequences with or 
without an N-terminal FLAG epitope (MGDYKDDDDG-. epitope in bold font). The 
DGAT activity level increased proportionately with the amount of FLAG-tagged 
protein (page 13020; left column), indicating that the mouse gene encodes a DGAT 
protein and that modification of the N-terminus did not destroy the DGAT activity. 

(6) This invention is related to the biotechnical arts in a well-known pathway, 
triacylglycerol synthesis, and the skill level of the artisan is very high. The skilled 
artisan is therefore very familiar with the pathway and well versed in many methods 
and techniques of, for example, gene manipulation, protein synthesis, and enzyme 
action. 

(7) Claim 26 is directed to a nucleotide sequence encoding a protein having a 
specified activity. It is unreasonable for Applicants to provide a cookbook recipe of 
how to practice the invention. Rather, Applicants have depended on the skill and 
experience of the skilled artisan to implement the invention using nucleotide 
sequences encoding enzymes having DGAT activity. Applicants expect that the 
skilled artisan would be aware of successful molecular biology and biochemistry 
methods and therefore be capable of producing the described sequences and testing 
these sequences for DGAT activity. 

(8) The Examiner's concerns about the number of possible sequences having 
95% identity to SEQ ID NO: 16 are unfounded. Indeed, the number of possible 
claimed sequences should not itself form the basis of an enablement rejection. See, 
e.g., NovozymesA/S v. Genencor lnt% Inc., 446 F. Supp. 2d 297, 330 (D. Del. 2006) 
(noting that, with claims covering polypeptides having 95% identity to a disclosed 
sequence, a "large number [of possible sequences] alone is not sufficient to show a 
lack of enablement . . ."). 

Outside of factor (3), the Wands factors support Applicants assertion that any 
experimentation required to practice the present claims would be routine. "It is well 
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established that a patent applicant is entitled to claim his invention generically when 
he describes it sufficiently to meet the [enablement requirement]." Amgen, Inc. v. 
ChugaiPharm. Co., 927 F.2d 1200, 1213, 18 USPQ2d 1016, 1027 (Fed. Cir. 1991). 
In Amgen, the court found that a generic claim covering all possible DNA sequences 
encoding any polypeptide having an amino acid sequence "sufficiently duplicative" of 
erythropoietin ("EPO") and which causes bone marrow cells to increase production 
of reticulocytes and red blood cells, and increases hemoglobin synthesis or iron 
uptake as being nonenabled where the patentee only provided information "of how to 
make EPO and very few analogs." Id. at 1213-14, 18 USPQ2d at 1027. As noted in 
Novozymes, however, "[t]he problem in Amgen was that the claim scope covered 
anv gene that could be used to express proteins of various sizes that had one or 
more of the biological properties of EPO." Novozymes, 446 F. Supp. 2d at 330 
(emphasis added). Unlike the patentee in Amgen, Applicants are not claiming aj] 
nucleotide sequences encoding enzymes having DGAT activity but merely those 
having 95% identity to SEQ ID NO: 16. Even the Amgen court recognized that the 
enablement requirement should not be extended beyond reasonableness when it 
noted that the disclosure at issue there might have been sufficient to enable a claim 
for EPO analogs similar to those described in that specification. Amgen, 927 F.2d at 
1213, 18 USPQ2d at 1027 (noting that the patentee's "disclosure might well justify a 
generic claim encompassing these and similar analogs, but it represents inadequate 
support for [patentee's] desire to claim all EPO gene analogs"). 

Applicants' situation is similar to that in Novozymes. There, patentee's claim 
1 read: 

A variant of a parent Bacillus stearothenmophilus alpha-amylase, 
wherein the variant has an amino acid sequence which has at least 
95% homology to the parent Bacillus stearothemiophilus alpha- 
amylase and comprises a deletion of amino acids 179 an [sic] 180, 
using SEQ ID NO:3 for numbering, and wherein the variant has alpha- 
amylase activity. 

Novozymes, 446 F. Supp. 2d at 306. The Novozymes court concluded that 
"requiring at least 95% homology with [the identified sequence] makes the variants 
sufficiently similar so that the enablement requirement is satisfied. By contrast to 
Amgen, the claim scope [in Novozymes] is limited quantitatively to similarity between 
protein sequences and not just to a requirement for alpha-amylase-like activity." 
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Novozymes, 446 F. Supp. 2d at 300. Applicants' current claims are similarly 
structured. There is a quantitative limit to the similarity between SEQ ID NO:16 and 
other proteins in the claimed genus and all proteins having 95% identity to SEQ ID 
NO: 16 must have DGAT activity. Thus, Applicants' claimed invention should be 
sufficiently enabled. 

Ex parte Kubin, 83 USPQ2d 1410 (BPAI 2007), also supports Applicants' 
enablement arguments. The Kubin Appellants claimed polynucleotides encoding 
polypeptides having 80% identity to a defined amino acid sequence, which has a 
defined binding activity. Kubin, 83 USPQ2d at 1412. The Board found that 
Appellants' specification taught how to make variants of the defined amino acid 
sequence, how to calculate identity between the defined amino acid sequence and 
the variants, and how to test the variant for the claimed binding activity. Id. at 1416. 
The specification did not disclose, however, which amino acids could be changed 
and still retain the claimed activity, and it did not disclose any actual variants of the 
defined amino acid sequence. Id. at 1415-16. The examiner in Kubin rejected the 
claims as lacking enablement for sequences having identity to the defined amino 
acid sequence because of the absence of working examples and because changes 
in defined amino acid sequence might alter the function of the variant as compared 
to the defined amino acid sequence, /d. at 1415. The examiner there also noted the 
unpredictability of the molecular biology art. Id. at 1416. In finding enablement of 
the claimed invention, the Board agreed with the examiner that the molecular biology 
art was unpredictable {Wands factor 7), but "the other Wands factors weigh[ed] in 
Appellants' favor, particularly the state of the art and the relative skill of those in the 
art as evidenced by the prior art teachings and Appellants' Specification." Id. at 1416 
(internal citations and markings omitted). Further, the Board noted that "[t]he amount 
of experimentation to practice the full scope of the claimed invention might have 
been extensive, but it would have been routine . The techniques necessary to do so 
were well known to those skilled in the art." Id. (emphasis added). Like the Kubin 
Appellants, Applicants here provided teachings on how to make variants of SEQ ID 
NO: 16 (see, e.g.. Applicants' Specification at page 12, line 20 - page 14, line 4), 
described how to calculate the sequence identities between SEQ ID NO:16 and its 
variants (see, e.g.. Applicants' Specification at page 7, line 34 - page 8, line 16), and 
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provided the Andersson assay to test for DGAT activity. Thus, Kubin dictates that 
Applicants' claims are enabled. 

Further evidencing enablement of claim 26 is that the novel aspect of the 
invention is enabled in the specification. In a recent Federal Circuit case, the court 
clarified that "[a]lthough the knowledge of one skilled in the art is indeed relevant [to 
an enablement determination], the novel aspect of an invention must be enabled in 
the patent." Auto. Techs. Int% Inc. v. BMW of N. Am., Inc., 501 F.3d 1274, 1283, 84 
USPQ2d 1 108, 1 1 14-15 (Fed. Cir. 2007). In the present application, the novel 
aspect of the invention is the sequence set forth in SEQ ID NO:16 and variants 
thereof. As SEQ ID NO: 16 was present in the sequence listing, which is considered 
part of the specification as filed, the novel aspect of the invention is enabled in the 
specification. Whether or not the claimed sequences have DGAT activity is 
irrelevant to the novelty of the claimed sequences; a claim directed solely to "a 
nucleotide sequence encoding an amino acid sequence having 95% identity to SEQ 
ID NO:16" would be novel without the DGAT activity limitation, which is present for 
section 112 purposes only. Indeed, DGAT activity itself is not novel; as the 
specification notes, "[a]cyl CoA;diacylglycerol acyltransferase (DGAT, EC 2.3.1.20) 
uses fatty acyl CoA and diacylglycerol as substrates to catalyze the only committed 
step in triacylglycerol synthesis" (page 1, lines 13-15). Therefore, this knowledge 
can be imputed from those skilled in the art to supplement the present disclosure, as 
routine experimentation (a DGAT assay) provides the determination of whether a 
sequence having 95% identity to SEQ ID NO: 16 is within the scope of the claim 26 
invention. See Invitrogen Corp. v. Clontech Labs., Inc., 429 F.3d 1052. 1070-71, 77 
USPQ2d 1161. 1173 (Fed. Cir. 2005) ("The scope of enablement ... is that which is 
disclosed in the specification plus the scope of what would be known to one of 
ordinary skill in the art without undue experimentation."). 

Applicants further note that, should the office here limit Applicants' claimed 
invention to only those nucleotide sequences encoding SEQ ID NO: 16, Applicants' 
patent rights become essentially useless because the skilled artisan could simply 
modify one amino acid of SEQ ID NO:16 (the sequence of which is undisputedly 
disclosed in the specification), confirm DGAT activity by the Andersson assay 
(undisputedly referenced in the specification), yet be outside the scope of the 
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Applicants' claims even though Applicants' specification disclosed the complete 
roadmap to working around the exceptionally narrow claims. In essence, the 
Examiner's scope of enablement rejection produces the absurd result of the 
specification enabling the skilled artisan to avoid infringement of claims covering only 
nucleotide sequences encoding SEQ ID NO: 16, but the same specification failing to 
enable the same skilled artisan to produce the same modified amino acid sequence 
if the claims cover sequences having 95% identity to SEQ ID NO:16. 

Applicants also believe that any of the arguments presented in the 
enablement section should be applicable towards establishing that sufficient written 
description was present in the specificafion as filed and vice versa. As noted in 
LizardTech, "a recitation of how to make and use the invention across the full 
breadth of the claim is ordinarily sufficient to demonstrate that the inventor 
possesses the full scope of the invention, and vice versa." 434 F.3d at 1345, 76 
USPQ2d at 1732. That the present specification supports possession (written 
description) of the genus of polypeptides encompassed by the present claims (see 
above) further evidences enablement of the present claims. All methods for 
generating the described polypeptide variants were standard in the art at the time of 
filing. Likewise, methods for testing for the required activity were described in the 
specification (see above). Thus, the possessed genus is enabled, almost by 
definition. 

In view of the foregoing, Applicants respectfully request withdrawal of the 
Secfion 112, 1®* paragraph, enablement rejections of claims 26 and 30-40. 

VIII. CONCLUSION 

For the reasons set forth above, Applicants respectfully request that the Board 
reverse the final rejection of pending Claims 26 and 30-40 and indicate allowability of 
all claims. 

Please charge any fee due which is not accounted for to Deposit Account No. 
04-1928 (E.I. du Pont de Nemours and Company). 
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By:. 




Jeffrey iBafran 
Attorney for Applicants 

Reg. No.: 54,689 
Telephone: (302) 984-6132 



Dated: : ^A^,JjU rS^/^oQ Facsimile: (302) 658-1 1 92 
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CLAIMS APPENDIX 

26. An isolated polynucleotide comprising: 

(a) a nucleotide sequence encoding a polypeptide having diacylglycerol 
acyltransferase activity, wherein the amino acid sequence of the 
polypeptide and the amino acid sequence of SEQ ID NO: 16 have at 
least 95% sequence identity, based on the Clustal alignment method 
with pairwise alignment default parameters of KTUPLE=1 , GAP 
PENALTY=3, WINDOW=5 and DIAGONALS SAVED=5, or 

(b) the full-length complement of the nucleotide sequence of (a). 

30. The polynucleotide of claim 26, wherein the nucleotide sequence comprises the 
nucleotide sequence of SEQ ID NO:15. 

31 . The polynucleotide of claim 26, wherein the amino acid sequence of the 
polypeptide comprises the amino acid sequence of SEQ ID NO: 16. 

32. A vector comprising the polynucleotide of claim 26. 

33. A recombinant DNA construct comprising the polynucleotide of claim 26 
operably linked to at least one regulatory sequence. 

34. A method for transforming a cell comprising transforming a cell with the 
polynucleotide of claim 26. 
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35. A cell comprising the recombinant DNA construct of claim 33, wherein the cell is 
selected from the group consisting of a bacterial cell, a yeast cell and a plant cell. 

36. A virus comprising the recombinant DNA construct of claim 33. 

37. A method for producing a transgenic plant comprising transforming a plant cell 
with the polynucleotide of claim 26 and regenerating a transgenic plant from the 
transformed plant cell. 

38. A plant comprising the recombinant DNA construct of claim 33. 

39. A seed comprising the recombinant DNA construct of claim 33. 

40. A method for isolating a polypeptide encoded by the recombinant DNA construct 
of claim 33 comprising: 

(a) transforming a cell with the recombinant DNA construct of Claim 33; 

(b) growing the transformed cell of step (a) under conditions suitable for 
expression of the recombinant DNA construct; and 

(c) isolating the polypeptide from the transformed cell of step (b). 
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EVIDENCE APPENDIX 

Attached herewith is a Declaration under 37 C.F.R. § 1.132 signed by Dr. 
Keith R. Roesler, which was filed on May 17, 2007, along with the Response to NF 
Office Action. The Examiner acknowledged submission of the 132 Declaration in the 
Final Office Action. 

Also attached are the following journal articles (all admitted into the record by 
the Examiner on November 2, 2006): 

Andersson etal., J. Lipid. Res. 35:535-45 (1994) 

Cases etal., Proc. Natl. Acad. Sci. USA 95:13018-23 (1998) 

Oelkers etal., J. Biol. Chem. 273:26765-71 (1998) 

Katavic et ai. Plant Physiol. 108:399-409 (1995) 

Zou etal.. Plant J. 19:645-53 (1999) 
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-PATENT 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
In re Application of: 

CAHOON ET AL. CASE NO: BB1295 US CNT 

SERIAL NO: 10/690.994 GROUP ART UNIT: 1638 

FILED: OCTOBER 21 , 2003 EXAMINER: L. ZHENG 

FOR: PLANT DIACYLGLYCEROL 
ACYLTRANSFERASES 

DECLARATION UNDER 37 C.F.R. 6 1.132 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

I, Keith R. Roesler, declare that: 

I am a citizen of the United States and reside at 3928 Patricia Drive, 
Urisandale, Iowa, 50322. 

I am an employee of Pioneer Hi-Bred International, Inc., ("Pioneer") a 
subsidiary of E.I. du Pont de Nemours and Company ("DuPonf ). 

I received a Ph.D. in Agronomy from the University of Illinois at Urbana- 
Champaign. I have woriced for Pioneer from July 1 , 1 995, to the present In the 
fields of biochemistry and molecular biology. 

I am familiar with the subject matter of the above-identified application and 
supervised the performance of the experiments explained below. 

The following are my remarl<s: 

1 . In the December 18, 2006, Non-Final Office Action related to the above- 
identified application, the Examiner inter alia rejected claims 26-40 under 35 
U.S.C. § 101 because the claimed invention is allegedly not supported by either a 
specific and/or substantial asserted utility or a well-established utility. 

2. Described herein are a series of experiments that establish a specific and 
substantial asserted utility for the claimed inventions. 
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3. The basic experimental procedure is as follows. A Saccharomyces 
cerevisiae strain was created with two genes deleted: the DGA1 gene, encoding 
acyl-CoA:diacylglycerol acyltransferase (DGAT), and the LR01 gene, encoding 
phospholipididiacylglycerol acyltransferase (PDAT). In this yeast strain, DGAT 
genes were overexpressed using a strong constitutive promoter from the yeast 
phosphoglycerate kinase gene, and using uracil selection. DGAT assays were 
done using microsomal membrane preps. 

4. The method of Milcamps et al., 2005, "Isolation of a gene encoding a 1,2- 
dlacylglycerol-sn-acetyl-CoA acetyltransferase from developing seeds of 
Euonymus alatus', J. Biol. Chem. 280:5370-5377 (attached herewith), was 
followed, with minor changes. Saccharomyces cerevisiae cultures were grown to 
early stationary phase in 100 ml of SC media minus uracil. Following han/est, the 
yeast pellets were resuspended in 4 ml of 20 mM Tris-HCI, pH 8, 10 mM MgClj, 1 
mM EDTA, 5% glycerol. 1 mM DTT, and 0.3 M (NH4)2S04. Two ml of glass 
beads were added, and cells were lysed by vortexing for 5 min. The lysate was 
centrifuged for 15 min at 1500 g at 6 °C. The supernatant was then centrifuged 
at 100,000 g for 1.5 hr at 6 "C. The microsomal pellet was resuspended in 500 pi 
of 100 mM potassium phosphate. pH 7.2, containing 10% glycerol and frozen in 
liquid nitrogen prior to storage at -80 ''C. Protein concentrations were detemiined 
by the method of Bradford, using the Coomassie Plus reagent (Pierce), with 
bovine serum albumin as standard. 

5. DGAT assays were done for 1 min at 25 ''C with 50 mM potassium 
phosphate pH 7.2, 10 pM 1-^'*C-labeled oleoyl-coenzyme A (50 mCl/mmol, Pertain 
Elmer), and 20 pg of microsomal protein, using endogenous diacylglycerol. in a 
total reaction volume of 100 pi. The reaction was started by addition of the 
microsomal membranes to the remainder of the reaction components. The assay 
was stopped and lipids were extracted with 2 ml of hexaneiisopropanol (3:2) 
(Hara and Radin, 1978, "Lipid extraction of tissues with a low-toxicity solvent", 
Anal. Biochem. 90:420-426) containing 4 pi of unlabeled triacylglycerol (triolein, 
Sigma). Following vortexing for 10 sec, the phases were separated with 1 ml of 
500 mM sodium sulfate and vortexing was again done for 10 sec. After 10 min, 
the upper phase was transferred to another tube and dried with nitrogen gas. 
The lipid was resolubilized in a small volume of hexane (approximately 100 to 
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150 pi) and applied to K6 silica TLC plates, which were developed in 80:20:1 
(v/v/v) hexane:diethylethenacetic acid. Triacylglycerol was visualized and 
marked by staining in iodine vapor. After the stain faded, the triacylglycerol was 
scraped, and radioactivity was determined by liquid scintillation counting. The 
following results were obtained. 



Constnict 


DGAT Activity (pmol ^*C-labeled TAG produced/min/mg 
microsomal protein) 




Repi 


Rep2 


Rep3 


Mean ± SD 


Soybean DGAT 


840 


887 


876 


868 ± 25 


Wheat DGAT 


518 


529 


515 


521 ±7 


Vector control 


33 


14 


17 


21 ± 10 



6. The soybean DGAT protein-coding region was obtained by PGR using 
clone sr1.pk0098.a8 as a template. This sequence was used to create the yeast 
expression vector, PHP32069 (Appendix A). The sequence of the soybean 
DGAT-coding region, "PHP32069 Soy DGAT1 CDS", was found to have a one 
nucleotide difference with the corresponding DGAT-coding region of SEQ ID 
NO: 1 5, "BB1 295 SEQ-1 5 CDS". An alignment of the two DGAT-coding 
sequences is presented in Appendices B1-B4. The soybean DGAT sequence in 
PHP32069 has an adenine (A) at position 939 of the DGAT-coding region, while 
the corresponding nucleotide in SEQ ID NO: 15 is cytosine (C). The cDNA insert 
in clone sr1.pk0098.a8 was re-sequenced, and the sequence of the DGAT- 
coding region in sr1 .pk0098.a8 was identical to the sequence of the PCR-derived 
DGAT-coding region in PHP32069. The single nucleotide difference in SEQ ID 
N0:15, also obtained by sequencing done sr1.pk0098.a8, is presumably due to a 
sequencing error. This single nucleotide difference results in a one amino acid 
difference between the two corresponding amino acid sequences (Appendix C). 
The DGAT protein encoded by PHP32069 has a glutamic acid residue (E) at 
position 313, while the con-esponding residue in SEQ ID N0:16 is aspartic acid 
(D). 

7. The wheat DGAT DNA was obtained by a combination of PCR using clone 
wr1 .pk0119.b6:fis as a template and a synthetic gene fragment to complete the 
coding region. This DGAT-coding sequence was used to create the yeast 
expression vector, PHP32068 (Appendix D). The sequence of this wheat DGAT- 
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coding region, ''PHP32068 Wheat DGAT1-2 CDS", was found to have two single 
nucleotide differences with the corresponding DGAT-coding region of SEQ ID 
N0:21. "BB1295 SEQ-21 CDS". An alignment of the two DGAT-coding 
sequences is presented in Appendices E1-E4. The wheat DGAT nucleotide 
sequence of PHP32068 has a guanosine (G) at position 303 and a thymidine (T) 
at position 393; the sequence of SEQ ID N0:21 has a thymidine (T) and cytosine 
(C) at these two positions, respectively. These two nucleotide differences are 
"silent", i.e., the amino acid sequence encoded by PHP32068 is identical to that 
of SEQ ID NO:22 (Appendix F). 

8. Sequence alignments were performed using the Megalign program of the 
LASERGENE bioinfonnatics computing suite (DNASTAR Inc., Madison, Wl). 
Multiple alignment of the sequences was perfonned using the Clustal V method 
of alignment with the default parameters 

9. The vector control contained no DGAT gene. 

10. As shown in the table above, both the soybean DGAT protein encoded by 
PHP32069 and the wheat DGAT protein encoded by PHP32068 have significant 
DGAT activity. 

11. I believe that the experiments conducted thus establish a specific and 
substantial utility for the claimed inventions. 

12. I declare that all statements made herein are either based on my own 
knowledge and are true, or if based on Information and belief are believed to be 
true. I also declare that all statements were made with knowledge that willful 
false statements, and the like, are punishable by either fine, or imprisonment, or 
both under Section 1001 of Title 18 of the United States Code, and any such 
willful false statements may jeopardize the validity of either the patent application, 
or any patent issuing thereon. 



Dated: 



By: 

Keith R. Roesler 
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Purification of diaGylglycerohacyltransferase from rat 
liver to near homogeneity 

Maria Andersson, Margit Wettesten, Jan Boren, Anita Magnusson, Anders Sjoberg, 
Sabiha Rustaeus, and Sven-Olof Olofssoh' 

Department of Medical Biochemistry jan Wallenberg Laboratory, University of Goteboiig, S-413 90 
Gpteborg, Svyjeden 



Abstract A method to isolate; a protein related to the diacyl- 
glyceroliacyltransferase XDGAT) activity in rat liyer micrpspmes 
has been developed. The microsomes were treated with sodium 
deoxycholate (DOC; 0.1 mg/mg protein) at a concentration of 1 
mM, i.e., below the critical micellar concehtratibh (CMC), to 
remove lutninaJ and; loosely bound proteins. Three percent of 
the DGAT . activity and all of the acylGoA hydrpjysc activity were 
present in the supernatant, i.e., among the extracted' loosely 
bound proteins. The insoluble material, recovered as a pellet, 
was suspended in DOC (1.6 mg/ml and mg protein in the origi- 
nal microsomes), and subjected to multiple, short (1-2 sec) sohi- 
cations. CHAPS (3-[(3-cholaraidopropyl)dimethylammonio]-l- 
propanesuifpnate; 5 mg/ml) was; then added, and the sonication 
was repeated. The detergent-treated microsomal membranes 
were filtered through a 0.22-;tm filter and chromiatograplhed On 
a Superbse 6 column froiri which the DGAT activity wias reco- 
vered in a high molecular mass fraction. A monoclonal antibody 
that reacted with this fraction was raised and used in im- 
munoaffinity experiments. This antibody removed 93 ± 6% 
(mean ± SD, n « 4) of the DGAT activity present in solution 
and 44 i 6% (mean ± SD, n =» 5) of the appHed activity coulcl 
be recovered after desorption. The antibody, recognizee! a 60 
kDa protein upon Western blot of rat liver microsomal proteins 
as well as of the DGAT-cpntaining fraction from the Superose 6 
column; A .60 IcDa protein was highly enriched in^ the DGAT- 
containing retained fraction from the immunoaffinity chromato- 
graphy. This 60 kDa protein reacted with the monoclonal antir 
body on Western blot. In addition to the 60 kDa protein, the re- 
tained fraction from the immunoadsprber contained a 77 kDa 
protein. This protein did not react with the monoclonal anti- 
body on Western blots. Neither the 60 nor the 77 kDa protein 
reacted with antibodies to mouse immunoglobulins or showed 
any uhspeciiic reaction with iii)rnunoglobulins.--Anderss6ny 
M., M. Wettesten^ J. Bdx€n, A. Magnussdn> A. Sjoberg, $• 
Rustaeus, and, S-O. Olofsson. Purification of diacylglycerol: 
acyltransferase from rat liver to near homogeneity. / Lipid Res. 
1994. 35: 535-545. 

Supplementary key words diacylglycero!:acyItransferase (EC 2.3.1.20) 
• rat liver microsomes • detergent: solubilization • monoclonal anti- 
body • triglyceride biosynthesis 

The synthesis of triaeylglycerol has been siiggested to 
occur in the endoplasmic reticuluni (£R) and most of the 
enzyme activities involved appears to be bound to or as- 



sociated with thie membrane of this organelle (1). The 
majority of the steps involved in the; biosynthesis of the 
triaeylglycerol molecule are also used for the formation of 
the phosphoglycerides and the onfy unique reaction is the 
last step in the process (2), i.e., thd acylatibn of the diacyl- 
glycerol molecule to form triaeylglycerol. TKis step is 
catalyzed by the enzyme diacylglycerohacyltransferase 
(DGAT, EC 2.3.1.20). Results by Mayorek, Grinstein, and 
Bar-Tana (3): indicate that this unique last step is rate- 
limiting in the biosynthesis of the triaeylglycerol. On the 
other hand Brindley (4) aiid his cp-wprkers haive presented 
evidence that the dephosphorylation of phosphatidic acid 
could serve as a step in which hormones and fatty acids 
.may influence the rate of triaicylglycerol (and phos- 
phbglyceride) formation. 

The; triaeylglycerol biosynthesis that occurs in the liver 
is of great importance for the secretion of the apoB-lOO- 
containing lipoproteins. Thus it has been shown that an 
increased biosynthesis of triaeylglycerol in the cell is a 
major stimuli for apoB-100 secretion (5, 6); 

the assembly of these lipoproteins appears to take 
place in regions of the ER membrane that are rich in. 
DGAT activity (7) and the importance of the enzyme for 
the assembly and secretion of lipoproteins is further un- 
derlined by the 6bse;ryatipn (8) that the inhibitory effect 
of n-3 fatty acids on the secretion of triacylglycerol-rich 
lipoproteins has been suggested to be caused by an inhibi- 
tion of the DGAT activity. 



Abbreviieuions: BSA, bovine serum albumin; GHAPS^ 3-[(3-cKo!amido- 
prppyi)dimethylammoni6]-l-propancsulfonate: CMC, aitical. mtccllar 
concentration; DGAX diac^tglyMrohacyhransfcrase (EC 2.3.1.20); 
DOC^ sodium deoxycholate; ELISA, enzyme-linked immunosorbent as- 
say;'ER, endoplasmic reticuluni; PAG, pbl^acrylamide' gd; PAGE, poly- 
acrylaihide gel electrophoresis; PBS, phosphate-buffered saline; PBST, 
phosphate-buflcred saline with 0.05% Tween 20; PMSF, phenylmethyl- 
sulfony! fluoride; SD, standard deviation; SDS, sodium dddecyl sulfate; 
TBS, Tris-buffered saline; TBST, Tris-bulfcrcd saline %viih Q.1% Tween 20. 
whom correspondence should be addressed. 
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Some attempts have been made to isolate the enzyme 
DGAT. A 9-fold increase in the specific activity has been 
achieved by gradient ultracentrifugation after detergent 
treatment of rat liver microsomes (9), and a 145-fold 
purification was obtained from the intestine after solubili- 
zation in taurocholate followed by phenyl Sepharose chro- 
matography (10). In both cases only partial purifications 
were obtained. 

Purification of the enzyme from soybean cotyledons has 
also been reported (11). Analyses of these preparations by 
electrophoresis in polyacrylzunide gels containing SDS 
suggested that the enzyme had a subunit structure. 

In this report we present a method to isolate DGAT 
from rat liver microsomes to near homogeneity. 

MATERIALS 

Superose 6 prep grade, FPLC columns, Sephadex G 
25, Q Sepharose fast flow, Sephacryl S-200 HR, CNBr- 
activated Sepharose 4B, Protein G Sepharose fast flow 
and pre-packed disposable PD-10 columns were pur- 
chased from Pharmacia (Uppsala, Sweden); Chemibond® 
was from Chemicon International Inc. (Temecula, CA); 
palmitoyl CoA, L-phosphatidylcholine (from egg yolk), 
l,2-dioleoyl-5n-glycerol, L-phosphatidyl-L-serine, and 
pepstatin A were from Sigma (St. Louis, MO). Sucrose 
was purchased from International Biotechnology Inc. 
(New Haven, CT); (l-»*C]palmitoyl CoA, rainbow mar- 
kers (14,300-200,000) and blotting detection kit for mouse 
antibodies were from Amersham Int. (Amersham, United 
Kingdom). Ready Safe® was from Beckman (FuUerton, 
California); pre-coated TLC plates with Silica gel 60 were 
from Merck (Darmstadt, Germany); mini-PROTEAN II 
Ready Gels and Silver Stain Plus Kit were from Bio-Rad 
(Richmond, CA); BCA protein Assay Reagent was from 
Pierce (Rockford, IL). Trioleate, calpain inhibitor I and 
calpain inhibitor II were purchased from Boehringer 
Mannheim (Mannheim, Germany); microliter plates 
PVC M 24 were from Dynatech Labor Inc. (Chantilly, 
VA); urease-conjugated sheep anti-mouse Ig fraction was 
from Sera-lab Limited (Crawley Down, England). 

MiUex AA filter 0.8 fim, MUlex GV filter 0.22 Aim, and 
the MilH-QUF plus equipment (used for the purification 
of all water that was used in the experiments) were from 
Millipore Intertech (Bedford, MA). 



METHODS 

Isolation of rat liver microsomes 

The method described earlier (5) for cells was scaled up 
and modified to make it possible to handle livers from 50 
Sprague-Dawley rats. 



The rats were killed by decapitation and the livers were 
removed and washed with 3 mM imidazole, pH 7.4, with 
125 mM sucrose. The livers were cut into small pieces 
and homogenized in 3 mM imidazole, pH 7.4, with 125 
mM sucrose (20 ml buffer/liver) by five strokes with a 
rotating Teflon pestle in a glass homogenizer. The 
homogenate was centrifuged for 10 min in a Beckman 
J-21 centrifuge at 1700 rpm and +4^C using a JA-14 ro- 
tor. The pellet was washed with the imidazole buffer (4 ml 
buffer/liver) under the same conditions and the combined 
supernatants were centrifuged for 20 min in a Beckman 
J-21 at 13,000 rpm and +4°C using a JA-14 rotor, and the 
obtained supernatant was ultracentrifuged for 63 min at 
4-4°C and 35,000 rpm in a Beckman Ti 50 rotor. The 
pellet was recovered and suspended (at a concentration of 
approximately 30 mg microsomal protein/ml) in 3 mM 
imidazole, pH 7.4, with 125 mM sucrose and 
homogenized with 17 strokes in a Dounce homogenizer. 
The obtained microsomes were frozen in aliquots of 120 
mg and kept at -80°C until used. 

Detergent treatment of the microsomes 

Microsomes (120 mg) (measured as protein) were 
diluted to 30 ml with 50 mM Tris-HCl, pH 7.5, with 300 
mM sucrose and 1.25 mM EDTA. The following protease 
inhibitors were used: calpain inhibitor I (17 /tg/ml), cal- 
pain inhibitor II (7 /ig/ml), and 1 fiM pepstatin A. So- 
dium deoxycholate (DOC) was added to a final concen- 
tration of 1 mM (i.e., 0.1 mg/mg microsomal protein) 
(12). The mixture was left on ice for 60 min and was then 
centrifuged in a Beckman Ti 90 rotor at 40,000 rpm and 
+ 4°C for 60 min. The supernatant was removed and the 
tube and the pellet were carefully washed twice with 2 ml 
ice-cold 50 mM Tris-HCl, pH 7.5, with 300 mM sucrose 
and 1.25 mM EDTA. To each pellet (recovered from 50 
mg microsomes) was added 2 ml of 50 mM Iris-HCl, pH 
7.8, with 300 mM sucrose, 1.25 mM EDTA. 1.6 mg 
DOC/ml, calpain inhibitor I and II (17 and 7 ^(g/ml), and 
1 /iM pepstatin A. 

The pellet was first dispersed by forcing it through a 
1-ml tip of an Eppendorf pipette approximately 10 times 
and then subjected to short (1-2 sec long) sonications in 
a MSE soniprep 150 at the following setting; 6, 10, 14, 18, 
22, 26, and 30 microns. Four sonications were carried out 
at each setting. 

CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-l- 
propane-sulfonate; 5 mg/ml) was added to the solution 
and it was again subjected to sonication as described 
above at the following settings; 14, 22, 26, and 30 
microns. The obtained suspension/solution was filtered 
through a 0.22-/im fiUer. 

Diacylglycerohacyltransferase assay (DGAT) 

1,2-Dioleoyl'jn-glycerol was dispersed into portions 
enough for five assays and stored under nitrogen in sealed 
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glass ampules at -80°C. The storage time was usually 
below 30 days. 

1,2-Dioleoyl-Jrt-glycerol (1 mg/assay) was dissolved in 
chloroform and mixed with 0.8 mg phosphatidylcholine 
and 0.8 mg phosphatidyl serine and dried under nitrogen; 
0.4 ml of 10 mM Tris-HCl, pH 8.0, was added and the 
mixture was sonicated for 60 sec on ice (using an MSB 8 
ultrasonic at maximal setting). 

Palmitoyl CcA (final concentration in assay 0.2 mM) 
and 0.188 fiCi (l-"C]palmitoyl CcA were added to the 
substrate, and the mixture was vortexed until all 
palmitoyl CcA had been solubilized. 

The assay system contained 0.4 ml of the substrate so- 
lution, 0.150 ml of a 1.4 M solution of magnesium chlo- 
ride, 0.6 ml 10 mM Tris-HCl, pH 8.0, and fatty acid-free 
bovine serum albumin (BSA) to a final concentration of 
1 mg/ml. Fifty fil of the enzyme source was added to the 



assay simultaneously with the substrate solution, and the 
mixture was vortexed. 

After incubation at 37**C, the assay system was trans- 
ferred to 6 ml of chloroform-methanol 1:1 containing 0.1 
mg trioleate, and the formed triacylglycerols were ex- 
tracted in a two-phase system (13). In short, 4 ml of chlo- 
roform was added and the tubes were shaken and stored 
at -20°C for 10-12 h. Two ml of an acidified solution of 
sodium chloride (17 mM NaCl and 1 mM of H2SO4) was 
added, the tubes were again shaken and then centrifuged 
at 2500 rpm for 10 min at. room temperature in a Beck- 
man CPR centrifuge. 

The upper phase was removed and the lower phase was 
recovered and evaporated to dryness under nitrogen. 

The sample was dissolved in chloroform and subjected 
to thin-layer chromatography in chloroform-acetic acid 
96:4. This chromatography gave a good separation be- 




Fig. 1. A: The relation between the amount of microsomal protein and the DGAT activity (nitiole fomied triacylglycerol/min). Results arc given 
as mean t SD. n - 5. B: The relation between the DGAT activity (nmole formed triacylglyccrol/min and mg protein) and the concentration of 
palnjitoyl CoA in the assay. Results are given as mean ± SD, n - 5. C: The relation between the DGAT activity (nmolc formed triacylglyccroVmg 
microsomal protem) and the length of the incubation. Results are given as mean of three experiments. D: The relation between the DGAT activity 
(given as % of maximal activity) and the concentration of magnesium chloride in the assay. Results are given as mean of three experiments. 
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tween triacylglycerol {Rj value: 0.78) and diacylglycerol 
value: 0.43), free fatty acids value: 0.47) and acyl- 
CoA (which remained on the application point). The spot 
corresponding to triacylglycerol was identified after stain- 
ing in iodine vapor, scraped off, extracted in 1 ml chloro- 
form, and counted in Ready Safe in a Beckman LS 6000 
TA Liquid Scintillator. Correction for quenching was made. 

The assay was totally dependent on microsomes or 
solubilized DGAT and there was a linear reladon between 
the amount of triacylglycerol formed and the mass of 
microsomal protein between 0.05 mg and 0.2 mg (Fig. 1 A). 

The assay was dependent on both acyl-CoA (Fig. IB) 
and diacylglycerol. When microsomes were used as the 
enzyme source, we could estimate that less than 2% of the 
activity was not dependent on exogenous diacylglycerol. 
The activity determined in isolated microsomes varied be- 
tween 2 and 6 nmol/min and mg microsomal protein 
which was within the range reported by other authors (9). 

Time course showed a linearity between 20 and 70 min 
(Fig. IC) whereas the curve showed a tendency to level off after 
70 min incubation. We routinely used a 60-min incubation. 

The reaction was totally dependent on MgCl2 and a 
reaction maximum was reached at a concentration of 50 
mM (Fig. ID). We have chosen to use a higher concentra- 
tion, i.e., 150 mM. 

The within assay variation was 6% (n = 28). 

To determine the hydrolysis of acyl-CoA, the samples 
were incubated with 0.2 mM palmitoyl CoA together with 
0.04 /iCi [l-i*C]palmitoyl CoA, in 10 mM Tris-HCl, pH 
8.0, with 150 mM MgClz and 1 mg/ml BSA for 60 min. 
Palmitic acid was added as carrier and the lipids were ex- 
tracted and analyzed by TLC as described above. The 
spot corresponding to palmitic acid was scraped off and 
the radioacdvity was counted as described above. Correc- 
tion for quenching was made. 

Chromatography on Superose 6 

The Superose 6 column (Pharmacia HR 16/50) was 
equilibrated with 50 mM Tris-HCl, pH 7.8, with 300 mM 
sucrose, 1.25 mM EDTA, 1.6 mg/ml DOC, and 1 fiM pep- 
statin A. One ml of the filtered detergent-treated micro- 
somes was applied to the column and the chromatography 
was carried out at a flow rate of 1 ml/min using an LKB 
2150 HPLC pump (Pharmacia Uppsala, Sweden). The 
absorbance at 280 nm was measured in an LKB 2158 
UVICORD SD (Pharmacia Uppsala, Sweden) and frac- 
tions of 1 ml were collected. The chromatography was 
carried out at room temperature but the fractions con- 
taining the DGAT activity were rapidly combined and 
placed on ice. 

Q Sephaiose and immunoaffinity chromatography 

The DGAT-containing fractions from the Superose 6 
chromatography were combined and dithiothreitol (DTT) 



was added to a final concentration of 2 mM. This was es- 
sential for the stabilization of the activity during the fol- 
lowing steps in the isolation procedure. The combined 
fractions were chromatographed on a 2-ml column of Q 
Sepharose equilibrated with 50 mM Tris-HCl, pH 7.8, 
with 300 mM sucrose, 1.25 mM EDTA, 1.6 mg/ml DOC, 
5 mg/ml CHAPS, 2 mM DTT, and 1 ^M pepstatin A 
(this buffer is referred to as buffer A in the following). The 
unretained material (eluted with the same buffer) was col- 
lected on ice. 

The DGAT-containing fraction from the Sepharose 
was chromatographed on an immunoadsorber based on a 
monoclonal antibody (see below). The antibody was 
purified from the hybridoma culture medium by chro- 
matography on Chemibond® and immobilized on 
Sepharose (see below). The adsorber (volume 2-3 ml) was 
poured on top of a Sephadex G 25 column (volume 3 ml) 
and equilibrated with buffer A. The unretained material 
was eluted with 10 column volumes of this buffer. To 
desorp the retained proteins we applied 0.5 ml of 3 M so- 
dium thiocyanate in buffer A to the column. The column 
was then eluted with buffer A. Fractions of 0.15-0.3 ml were 
collected on ice and analyzed for the presence of DGAT 
activity. The analysis was carried out within an hour. 

Chromatography on Protein G Sepharose and 
Chemibond® 

The DGATcontaining fractions were chromatographed 
on a 0.6-ml column of Protein G Sepharose or Chemi- 
bond* equilibrated with buffer A. The unretained 
material was collected in 0.3-ml fractions on ice. 

Immunoglobulins from the hybridoma supernatant 
were isolated by chromatography on Chemibond* using 
the protocol recommended by the manufacturer, i.e., 50 
ml of hybridoma supernatant was applied to a 1-ml 
column of Chemibond** equilibrated with phosphate- 
buffered saline (PBS) pH 7.4. The column was washed 
with PBS until all the phenol red dye was removed from 
the column (50-100 ml). The bound antibodies were 
eluted with 0.05 M sodium acetate, pH 2.8, precipitated 
with ammonium sulfate and resolubilized in 0.1 M 
NaHC03, pH 8.3, and 0,5 M NaCL 

Isolation of monoclonal antibodies 

The base for the strategy to isolate a monoclonal anti- 
body to DGAT was the observation from radiation inacti- 
vation studies done by other investigators (14) that DGAT 
had a molecular mass of about 70 kDa. The aim was, 
therefore, to isolate a fraction enriched in microsomal 
proteins about 70 kDa and to use that fraction for immu- 
nization and primary screening of the obtained hybri- 
domas. Several methods have been tried but the following 
turned out to be useful. 

The rat liver microsomes were diluted with 3 mM im- 
idazole, pH 7.4, containing 125 mM sucrose to a final 
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concentration of 0.6 mg/ml (measured as protein). In 
general, we started each isolation with 1200 mg micro- 
somes^ Sodium carbonate (1 M) was added to a final con- 
centration of 0.1 M and a pH of 10.3, and the solution 
was incubated on ice for 30 min with intermittent stirring. 
This was followed by centrifugation for 60 min in a Beck- 
man J-2i centrifuge at 10,000 rpm in a JA-14 rotor at +4*^0. 

The supernaitant (2400 inl) was directly loaded onto a 
170 ml QSepharose column (5 x 8; cm) equilibrated with 
50 mM Tris, pH 10.3, with 300 mM sucrose, 5 mM 
MgCU, 1.25 mM EDTIA, 1 mM PMSF, 50 lU/ml of 
penicillin, and 50 ng/ml of streptomycin (this buffer will 
be referred to as buffer. B. in the foliowing) and chro- 
matographed at a flow rate of 60 ml/h. The unretained 
fraction was collected and the column was washed with 
two volumes of buffer B. The chromatography was carried 
out at +4^G. 

The unretained fraction was lyophilized and resolubi- 
lized in approximately 500 ml water containing. 1 mM 
PMSF, 50 lU/ml of penicillin, and 50 /tg/ml of streptomy- 
cin. The sucrose concentration of the resplubiUzed sample 
was kept between 40; and 60% w/v. 

The solubilized material was homogenized by 15 
strokes in a Bounce homogehizer with a tight-fitting glass 
pestle, and filtered through a series of glass filters; with 
decreasing pore size (Jena Glas G2, G3, and G4), fol- 
lowed by twO: passages through a 3-;tm Millipore filter and 
finally one passage through: a 0.8r/tm filter: 



The filtered solution was chromatographed on a 5 x 
110 cm column of Sephacryl S-200 HR, equilibrated with 
buffer B. The chromatography was carried out at +4**C 
at a flow rate of 40-60 ml per h and the absorbance at 280 
nm was constantly monitored by a UVICORD S (Phar- 
macia LKB Uppsala, Sweden). Based on the obtained 
chromatogram (Fig. 2 A), fractions of 50-100 ml were col- 
lected, dialyzed against water, and lyophilized. The frac- 
tions were analyzed by polyacrylamide gel electrophoresis 
(PAGE) in the presence of SDS. In this way we obtained 
a fraction that was enficheid in proteins with a molecular 
mass between 50 and 80 kDa (Fig. 2;B). This fraction was 
used for immunization of Balb C mice. 

A primary injection was followed by a booster injection 
after 5, 7, and 9 weeks. Spleen cells were hybridized with 
Sp/2/0-Ag-14 cells and cultured in the presence of mouse 
peritoneal macrophages as feeder cells. 

The clones were, tested with ELISA (see below) against 
the: fractions used for immunization. Positive clonics were 
recloried by the method of single-cell cloning (6), The 
primary screening of the clones, obtained after recloning, 
was carried out with ELISA against the fraction used for 
immunization as well as against the DGATcontaining 
fraction from the Superose 6 column: (see Results). Posi- 
tive clones were analyzed with Western blots to identify 
clones that reacted with a protein with a molecular mass 
of 60-80 kDa, i.e., similar to that determined for DGAT 
by radiation inactivation studies (14). Such clones, were 
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Fig. 2. A: Chrpmaiography of the unretained fraction from the ion exchange (QSepharose) chrx>matography on Sephacryl S-200 HR equilibrated 
with 50 mM Tris» pH 10.3, with 300 mM sucrose, 5 mM MgClj, 1.25 mM EETTA, 1 mM PMSF, 50 lU/ml of penicillin, and 50 |ig/ml. of streptomycin. 
The chromatography was carried out at +4<*G with a 66w rate of 60 ml/h. The absoHiahce at 280 hm was measured continuously; Vo, void volume; 
V„ total volume. The fraction that was used for immunization is indicated with a bar in the chromatogram, B: Electrophoresis in 4r20%' pplyapryla- 
mide gradient gels containing SDS of the fraction from the Sephacryl S-200 HR chromatography that was used for immunization of Balb C mice. 
(The fraction is indicated with a bar iii Fig. 2A.) Arrows indicate the migration of the 200, 92, 69, and 46 kDa standards. The. gel is silver stained. 
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tested for their ability to inactivate DGAT and, after im- 
mobilization, for their ability to retain the DGAT activity. 

In order to prepare immunoadsorbers, the im- 
munoglobulin (Ig) fraction was recovered from the cul- 
ture medium by chromatography on Chemibond* fol- 
lowed by precipitation with ammonium sulfate (see 
above). The Ig fraction was solubilized in 0.1 M 
NaHCOs, pH 8.3, and 0.5 M NaCl and coupled to 
CNBr-activated Scpharose 4B as recommended by the 
manufacturer (Pharmacia Uppsala, Sweden). 

Enzyme-linked immunosorbent assay (ELISA) 

The ELISA was carried out on microliter plates (PVC 
M 24). The wells were coated with either the fraction 
from the Sephacryl S-200 HR chromatography or the 
DGAT-containing fraction from the Superose 6 chro- 
matography. 

The fraction from the Sephacryl S-200 HR column was 
dialyzed against a 50 mM sodium carbonate buffer, pH 
9.6, with 3 mM sodium azide before it was used to coat 
the wells, while the DGAT-containing fraction from the 
Superose 6 chromatography was desalted on a PD 10 
column, equilibrated with the same buffer, before the 
fraction was used for the coating. The coating was carried 
out overnight at +4°C, and was foUowed by three washes 
with PBS containing 0.05% Tween 20 (PBS-T). Residual 
binding sites in the wells were blocked by incubation with 
PBS containing 3% BSA for 30 min at room temperature. 

Incubation with the hybridoma supernatant was car- 
ried out for 1 h at 37®C followed by three washes with 
PBS-T. To detect the bound antibodies, we used a urease- 
conjugated sheep anti-mouse Ig fraction in PBS-T con- 
taining 0.25% BSA. The incubation was carried out for 
1 h at 37®C and was followed by six washes with PBS-T 
and three washes with water. After development, the 
microliter plates were read at 570 nm in a microplate 
reader model 450 (Bio-Rad). 

Electrophoresis 

Polyacrylamide gel electrophoresis in the presence of 
SDS was carried out either in 4-20% gradient gels (using 
Mini-PROTEAN II Ready Gels, Bio-Rad), that had been 
pre-run for 30 min or in 3-15% gradient gels. To avoid 
degradation during dialysis, lyophilization, or concentra- 
tion, we analyzed the material as it was eluted from the 
immunoadsorber. SDS (final concentration of 2.3%) and 
DTT (final concentration 75 mM) were added to the sam- 
ple and it was boiled for 5 min. The electrophoresis was 
carried out at 20 mA/gel with the equipment placed in an 
ice-bath. The gels were stained with silver, using the Sil- 
ver Stain Plus Kit, as recommended by the manufacturer 
(Bio-Rad). Rainbow molecular weight markers were used 
to standardize the gels. This kit contains prestained myo- 
sin (200 kDa), phosphorylase b (92.5 kDa), bovine serum 
albumin (69 kDa), ovalbumin (46 kDa), carbonic anhy- 



drase (30 kDa), trypsin inhibitor (21.5 kDa), and lyso- 
zyme (14.3 kDa). 

Immunoblots were carried out on a Multiphore II 
(Pharmacia LKB Uppsala, Sweden) as recommended by 
the manufacturer. The blots were blocked with 5% non- 
fat dry milk in 20 mM Tris-HCl, pH 7.6, containing 137 
mM NaCl and 0.1% Tween 20 (TBS-T) overnight. This 
was followed by a 1-h incubation with the antibody in 20 
mM Tris-HCl, pH 7.6, containing 137 mM NaCl (TBS) 
with 5% non-fat dry milk. The blots were washed with 
TBS-T for 2 X 1 and 3x5 min. To detect the bound an- 
tibody we used a biotinylated antibody to mice Ig followed 
by streptavidin-conjugated alkaline phosphatase, using 
the Amersham blotting detection kit for mice (i.e., 
monoclonal) antibodies. After the incubation with the se- 
cond antibody, the filter was washed with TBST for 2 x 
1, 2 X 15, and 1x5 min. The incubation with the alka- 
line phosphatase was followed by washes with TBS-T for 
2x1 and 3x5 min. lb control for unspedfic binding, 
we used an irrelevant monoclonal antibody, i.e., a 
monoclonal antibody obtained from Balb C mice that had 
not been immunized with rat proteins. 

Protein determination 

The protein content of microsomes, solubilized micro- 
somes, and fractions from the Superose 6 column was de- 
termined by the BCA method, using BSA as standard. 
Both EKDC and CHAPS influence this method, but this 
influence could be overcome by diluting the sample 
200-fold with 0.1 M NaHCOs, pH 8.3, 0.5 M NaCl, and 
1% Triton X-100. To estimate the protein content in the 
immunoafhnity-purified enzyme, we scanned the silver- 
stained SDS-polyacrylamide gels. The electrophoresis 
and silver staining were carried out as described above. As 
standards we used a dilution series of BSA run in dupli- 
cate at the same time as the samples. The gels were 
scanned at 500 nm with a dual- wavelength flying-spot 
Shimadzu CS-9000 scanner equipped with a Shimadzu 
DR-13 computer unit. A linear relation between the ab- 
sorbance and the amount of protein was obtained be- 
tween 0.025 and 0.1 ixg BSA. All samples were within this 
linear part of the curve. 

RESULTS 

Solubilization and gel chromatography of 
diacylglycerohacyltransferase (DGAT) 

The solubilization procedure started with an extraction 
of luminal and loosely bound proteins from the micro- 
somes by sodium deoxycholate (DOC) below the critical 
micellar concentration (CMC). During this extraction 
3% of the DGAT activity and all of the acyl-CoA hydro- 
lase activity were recovered in the supernatant after 
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TABLE 1 . Recovery of protein and DG AT activity during purification of the enzyme 
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100 
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100 
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Solubilized microsomes 


46 


46 
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Solubilized microsomes after filtration 


37 


83 


20 


5 


2.5 


Superose 6 chromatography 


17 


45 


5 


7 


3.5 


Q Sepharose and immunoaifinity chromatography 


4 


2T 


0.0045 


830 


415 



Results are mean of three different experiments. 

'The recovery of the applied activity in the unretained fraction from the Q, Sepharose was 45% and in the retained fraction from the immunoaffinity 
column was 49%. 



ultracentrifugation. Thus no hydrolase activity could be 
detected in the membrane pellet or in any of the fractions 
recovered from gel chromatography (described below). 

The membrane pellet was sonicated in DOC and CHAPS 
(3-[(3-cholamidopropyl)dimethylammonio]-l-propanesul- 
fonate) at concentrations above the CMC, and filtered 
through a 0.22-/im filter. Thirty seven percent ("Bible 1) 
of the initial activity present in the total microsome was 
recovered in the filtrate. The filtrate was chro- 
matographed on a Superose 6 column, from which the 
DGAT activity was eluted in a high molecular weight 
peak (Fig, 3). Forty five percent (Table 1) of the applied 
activity was recovered during this chromatography; this 
corresponded to a recovery of 17% of the total activity 
present in the microsomes. 

The DGAT-containing fraction from the Superose 6 
column chromatography was heterogeneous ais judged 
from its appearance on polyacrylamide gel electrophoresis 
(Fig. 4, lane 2). 



Isolation of a monoclonal antibody that could be used 
for immunoadsorbtion of DGAT 

As a result of three difierent hybridizations, we found 
one clone that fulfilled the criteria that were set up. Thus 
this clone reacted on ELISA with the fraction used for im- 
munization as well as with the DGAT-containing fraction 
from the Superose 6 chromatography (Fig, 5). Moreover, 
' it reacted with a 60 kDa protein on Western blot of solubi- 
lized microsomal proteins (Fig. 6A) as well as with the 
DGATcontaining fraction recovered from the Superose 6 
column chromatography (Fig. 6B). 

The monoclonal antibody did not react with rat "erum 
or rat albumin (not shown). 

The obtained clone produced an antibody of the IgGS 
class. As the antibody did not inhibit the DGAT reaction 
(not shown) we used immunoaffinity chromatography in 
order to investigate its relation to the DGAT activity. The 
DGATcontaining fraction from the Superose 6 column 
was chromatographed on a 2-ml immunoaffinity column 
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Fig. 4; Electrophoresis in 4-20% polyacrylamide. gradient gels con 
taining SbS of total rat liver microsomes (lane 1); the DGATcbniaining 
fraction from the Superose 6 column (jane 2); and the rctained'(t)iGA'P 
containing) fraction from the immunoaffinity chromatography (lane 3), • 
The arrows niark the migration of the 200,;92; 69; and 46 kDa stan- 
dards. 



(a total activity of 1 nrnol formed triacylglycerbl/mih was 
applied to each column), 93 ± 6% (mean ± SD, n 4) 
of the applied activity was netsuned by the immiinoadsorber. 

The desorption of the enzyme was carried but with so- 
diuni thioeyanate which, however, inhibited the aictivity 
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Fig. 5. The reaction between the DG AT-contaimhg fraction from .tHe 
Superosc 6 dirpmaibgrsiphy and difierent dilutibhs of the hybiidoraia sur 
pernatant (•) as'w^ irrelcyjmt antibody;(P). The reaction was in- 
vestigated with an ELI SA system in vyrhich the wells were coated with the 
DGAT fraction, irom^ t Superose 6 chromatography. The bound- anti-. 
body wais detected, with a goat anti-mouse antibody cbu^ed! to urease.. 
Results ai^: given as mean ± SD, n => 5. 

(not shown): In order to limit this inhibition, we poured 
the immunoadsprber on top of a small column of Sepha- 
dex G '25; thus the desorbed enzyme was immediately 
separated frdm the bulk of the sodium thipcyanate. Using 
this method, we could recover 44 ± 6%. (mean ± SD, 
n = 5) of the applied DGAT activity from the immune- 
affinity column after the desorption. 

The results indicated that the mpnpclonal antibody 
could be used to isolate the enzyme by immunoaffinity 
chromitdgraphy. 
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Fig. 6.: tminunbbiot of rat lt\^r microsomes. (0.23' mg/s!ot) (A), the DGATcpntiuhing fraction from the Superose 6 chromatography (6.05 mg/slot) 
(B^ and immunopiirified DGAT (C). The blots were probo:! with the monodpnaJ antibody to BGAT (lane J) or an irrdcvamt moiiodona] aintibody 
(lane 2)\ The electrophoresis- was carried! out in 3-15% polyacrylamide gradient gels containing SDS. The bound antibodies vttn detiecied by a. Si* 
otinylated sheep anti-mpuse* antibody followed by incubation with streptavidin-conjugated alkaline phosphatase. The arrows mark the migration of 
the 200, 97, 69, and 46 kDa standards! 
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Q Sepharose and immunoaffinity chromatography of 
the DGAT-containing fraction from the gel 
chromatography 

The DGAT-containing fraction from the gel chro- 
matography was first chromatographed on a Q Sepharose 
from which 74 ± 14% (mean ± SD, n = 5) of the reco- 
vered activity was eluted in an unreta'med fraction. Forty 
five percent of the applied activity was recovered in this 
unretained fraction. 

The unretained fraction from the Q Sepharose chro- 
matography was subjected to immunoaffinity chromato- 
graphy on the obtained monoclonal antibody and the re- 
tained fraction containing the DGAT activity was ana- 
lyzed by electrophoresis in polyacrylamide gradient gels 
(PAG) containing SDS. The gels showed, after silver 
stzuning, a marked enrichment in a protein with a 
molecular mass of 60 kDa as well as a 77 kDa protein 
(Fig. 4, lane 3). These proteins were only present in the 
fractions that contained the DGAT activity. In addition to 
these proteins we could detect trace amounts of proteins 
with molecular masses of 200 and 120 kDa. A pre-run of 
the fraction on an adsorber, containing an irrelevant anti- 
body before the immunoaffinity chromatography did not 
change the electrophoresis pattern (not shown). We also 
chromatographed the retained fraction from the immuno- 
affinity chromatography on a Protein G Sepharose 
column and on a Chemibond® column to remove im- 
munoglobulins that might have leaked from the adsorber 
This did not influence the dectrophoresis pattern (not shown). 

The 60 and 77 kDa bands were also present after 
rechromatography on the immunoaffinity colunm (not shown). 

Immunoblot showed that the monoclonal antibody 
reacted with the 60 kDa proteins but not with the 77 kDa 
protein (Fig. 6C). As discussed above, the antibody also 
reacted with a 60 kDa protein on Western blot of both 
solubilized microsomes and of the DGAT-containing frac- 
tion recovered from the Superose 6 column (Fig. 6, A and 
B). In addition to this reaction, there were proteins 
present in the solubilized microsomes as well as in the 
DGAT-containing fraction from the Superose 6 chro- 
matography that reacted unspecifically with immunoglo- 
bulins or were lit up by the second antibody (i.e., the 
sheep anti-mice Ig). These proteins were not present after 
the immunoaffinity purification (Fig. 60) and their na- 
ture has not been investigated further. 



DISCUSSION 

We have developed a method to purify diacylglycerol: 
acyltransferase (DGAT) from rat liver microsomes to near 
homogeneity. The method was based on the solubilization 
of the DGAT activity from the microsomes by sonication 
in sodium deoxycholate (DOC) and CHAPS (3-[(3- 



cholamidopropyl)dimethylammonio]-l-propanesulfonate) 
followed by gel chromatography and immunoaffinity 
chromatography, utilizing a monoclonal antibody. 

Radiation inactivation studies (14) indicate that DGAT 
has a molecular mass of 72 ± 4 kDa; we therefore deve- 
loped a method to isolate a fraction enriched in 
microsomal proteins with molecular masses between 50 
and 80 kDa and raised monoclonal antibodies to this frac- 
tion. One antibody was obtained that reacted with a 60 
kDa protein within the microsomal proteins as well as in 
DGAT-containing fractions from gel chromatography. 
The antibody did not inhibit DGAT but could, when used 
in immunoaffinity experiments, quantitatively remove the 
DGAT activity from a solution. Moreover, 44% of the ap- 
plied activity could be recovered after desorption of the 
enzyme from the immunoaffinity column. The dis- 
crepancy between the adsorbed and recovered DGAT ac- 
tivity is not unexpected and could most likely be ex- 
plained by: i) a denaturation of the enzyme during the 
adsorption-desorption procedure; it) an inhibition of the 
enzyme activity by the sodium thiocyanate used for 
desorption (although attempts were made to rapidly 
separate the enzyme from the sodium thiocyanate, it is 
most likely that this separation is incomplete and that the 
thiocyanate contaminates the last portion of the enzyme 
peak) or Hi) perhaps a failure to desorb all enzyme. 

The purification method gave rise to a 415-fold increase 
in the specific activity. It should be pointed out that it is 
possible that this is an underestimation because, as dis- 
cussed above, the enzyme may to some degree be inacti- 
vated during the immunoaffinity chromatography. 

The antibody recognized a protein with an estimated 
moleculau- mass of 60 kDa on Western blot of microsomal 
proteins. A protein of the same size was also highly en- 
riched in the retained fraction from the immunoaffinity 
chromatography that contained the enzyme activity. In 
addition, this fraction contained a 77 kDa protein. The 
relation between these two proteins is not clear. The ob- 
servation that the epitope for the antibody resides on the 
60 kDa protein and that the two proteins are desorbed 
together from the immunoaffinity column, even after 
washes of the column with detergent-containing buffers 
prior to the desorption, indicates a strong interaction be- 
tween the two components. 

The possibility that the two proteins are generated by 
proteolysis should be considered. The observation that 
the monoclonal epitope is confined to the 60 kDa protein 
argues against the possibility that this protein is generated 
from the 77 kDa protein by proteolysis. It is, however, 
possible that the 60 and 77 kDa proteins are generated by 
proteolysis of a larger protein. Thus, for example, a hinge 
region between two domains may provide a site for such 
a proteolysis. However, one would have anticipated that at 
least a portion of the tentative full-length protein could be 
detected by the antibody during the Western blot analysis. 
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It is possible chat the 77 kDa protein represents a un- 
related contaminant. If this is the case our results suggest 
that the 77 kDa protein is either derived from the im- 
munoadsorber or is a protein that has a hig^ unspecific 
affinity for immunoglobulins. Against these possibilities 
argue the results from the immunoblotting experiment 
(Fig. 6C) which indicated that the protein neither reacted 
with the sheep anti-mice Ig (used as the second antibody) 
nor with unspecific immunoglobulins; moreover, neither 
chromatography on an adsorber with an irrelevant anti- 
body nor chromatography on protein G and/or Chemi- 
bond* removed the 77 kDa protein. 

A final possibility that has to be considered is that 
DGAT has a subunit structure. In fact, the failure of the 
monoclonal antibody to inhibit the enzyme activity pre- 
vents us from concluding that the active site is present on 
the 60 kDa protein. However, a protein with a molecular 
mass close to 140 kDa would not be supported by the 
results from the radiation inactivation studies (14), while 
both molecular masses of 60 kDa and 77 kDa would be 
compatible with these observations. 

A subunit structure has been suggested for the enzyme 
that was isolated from soybean cotyledons (10), however 
none of the identified subunits of this enzyme appear to 
correspond to the proteins reported in this paper. 
Moreover, the enzyme isolated from the liver microsomes 
appeared to have much (near 1000-fold) higher specific 
activity than the enzyme isolated from the cotyledons. 

The DGAT activity is eluted in a high molecular weight 
fraction from the Superose 6 column. Even if the enzyme 
consists of two subunits with a combined molecular mass 
of near 140 kDa, this could not explain its appearance on 
gel chromatography, suggesting that the enzyme occurs in 
a high molecular weight complex when extracted from the 
microsomes. Indeed, results from studies in rat intestine 
indicate that the whole triacylglycerol synthetase complex 
could be solubilized in the presence of taurocholate (10). 

It has recently been demonstrated that the microsomes 
of rat intestine contain an enzyme that forms triacyl- 
glycerol by transacylation (15). This transacylase was not 
dependent on acyl-CoA, and it differed in molecular 
weight from the enzyme isolated in this study. 

Rat liver contains an acyl-CoA hydrolase activity that 
generates fatty acids from acyl-CoA. The thin-layer chro- 
matography system used in this study does separate fatty 
acids from triacylglycerol. Moreover, the acyl-CcA hydro- 
lase appeared to be completely removed during the first 
extraction of the microsomes as we could not detect the 
activity in the membrane pellet or in the fractions from 
the gel column. 

In conclusion, the results presented in this paper sug- 
gest that DGAT consists of a 60 kDa protein and perhaps 
also a 77 kDa protein. Further studies including cloning 
and expression of the enzyme are needed to unequivocally 
clarify the relation between these proteins. DB 
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ABSTRACT Triacylglycerols are quantitatively the most 
important storage form of energy for eukaryotic cells. Acyl 
CoA:diacylglycerol acyltransferase (DGAT, EC 2.3.1.20) cat- 
alyzes the terminal and only committed step in triacylglycerol 
synthesis^ by using diacylglycerol and fatty acyl CoA as 
substrates. DGAT plays a fundamental role in the metabolism 
of cellular diacylglycerol and is important in higher cu- 
karyotes for physiologic processes involving triacylglycerol 
metabolism such as intestinal fat absorption, lipoprotein 
assembly, adipose tissue formation^ and lactation. DGAT is an 
integral membrane protein that has never been purified to 
homogeneity, nor has its gene been cloned. We IdentiHed an 
expressed sequence tag clone that shared regions of similarity 
with acyl CoA:cholesteroI acyltransferase, an enzyme that also 
uses fatty acyl CoA as a substrate. Expression of a mouse 
cDNA for this expressed sequence tag in insect cells resulted 
in high levels of DGAT activity in cell membranes. No other 
acyltransferase activity was detected when a variety of sub- 
strates, including cholesterol, were used as acyl acceptors. The 
gene was expressed in all tissues examined; during differen- 
tiation of NIH 3T3-L1 cells into adipocytes, its expression 
increased markedly in parallel with increases in DGAT activ- 
ity. The identification of this cDNA encoding a DGAT will 
greatly facilitate studies of cellular glycerollpid metabolism 
and its regulation. 



Acyl CoA:diacylglycerol acyltransferase (DGAT; EC 2.3.1.20) 
is a microsomal enzyme that plays a central role in the 
metabolism of cellular glycerolipids (for reviews, see refs. 1 
and 2). DGAT catalyzes the only committed step in triacyl- 
glycerol synthesis by using diacylglycerol (DAG) and fatly acyl 
CoAs as its substrates, DAG used in the DGAT reaction can 
be derived from the hydrolysis of phosphatidic acid produced 
by the de novo synthesis pathway from glycerol-3-phosphate 
(Fig. 1). Alternatively, DAG can be derived from the esteri- 
fication of monoacylglycerol (MAG), a pathway of importance 
in intestinal fat absorption (3), and from the hydrolysis of 
triacylglycerol or phospholipids. Inasmuch as DAG is a pre- 
cursor for phospholipid synthesis and is an important signaling 
molecule that activates protein kinase C (4), DGAT activity 
potentially could regulate these cellular processes. Because of 
its role in triacylglycerol synthesis and energy storage, DGAT 
also may be involved in intestinal fat absorption (3), lipopro- 
tein assembly and the regulation of plasma triacylglycerol 
concentrations (1, 5), fat storage in adipocytes (6), energy 
metabolism in muscle (7), milk production (1), and egg 
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production, including mammalian oocytes (8), In plants, 
DGAT has an important function in the generation of seed oils 
(9). DGAT activity also has been found in Mycobacteria (10) 
and Streptomyces (11), and in the lipid bodies of fungi (12) and 
insects (13). 

Although it has been partially purified (14, 15), DGAT has 
been difficult to isolate because it is an intrinsic membrane 
protein. Through homology searches of the expressed se- 
quence tag (EST) databases by using coding sequences from 
acyl CoAxholesterol acyltransferase (ACAT; EC 2.3.1.26), an 
acyltransferase that synthesizes cholesterol esters from cho- 
lesterol and fatty acyl CoA substrates (16), we identified an 
EST clone that shares homology with sequences in the ACAT 
C terminus. In this study, we demonstrate that this recently 
identified cDNA does not encode another ACAT, but in fact 
encodes a DGAT.it The expression of a mouse cDNA for this 
EST in insect cells resulted in high levels of a membrane- 
associated acyltransferase activity specific for DAG. This gene 
and its encoded activity then were characterized in detail. 

MATERIALS AND METHODS 

Cloning of DGAT cDNA. ESTs [accession nos. R07932 
(human) and W10786 (mouse)] with sequence similarity to 
ACAT were identified from blast database searches. The 5' 
end of the DGAT cDNA was obtained by using 5' rapid 
amplification of cDNA ends (RACE) and a mouse spleen 
Marathon Ready cDNA library (CLONTECH). Sequences 
have been deposited in GenBank (accession no. AF078752). 

Insect Cell Expression Studies. DGAT coding sequences 
with or without an N-terminal FLAG epitope (IBI/Kodak, 
New Haven, CT) (MGDYKDDDDG-, epitope underlined) 
were subcloned into pVL1392 (PharMingen). High titers of 
recombinant baculoviruses were obtained by cotransfection of 
baculovirus transfer vectors with viral BaculoGold DNA 
(PharMingen), followed by plaque purification and amplifica- 
tion in Sf9 cells [cultured in Grace's medium (Life Technol- 
ogies, Grand Island, NY) and 10% fetal bovine serum], H5 
insect cells [cultured in serum-free Express-Five medium (life 



Abbreviations: ACAT, acyl CoAxholesterol acyltransferase; DAG, 
diacylglycerol; DGAT, acyl CoA:diacylglycerol acyltransferase; EST, 
expressed sequence tag; MAG, monoacylglycerol; MOI, multiplicity of 
infection. 
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Fig. L Role of DGAT in glycerolipid metabolism. DAG used by 
DGAT potentially originates from hydrolysis of phosphatidic acid 
(PA), from the esterification of 2-monoacylglycerol (MAG), or from 
triacylglycerol (TAG) or phospholipid (PL) hydrolysis. The MAG 
pathway is thought to be especially important in enterocytes of the 
small intestine (3). P, phosphate; LysoPA, lysophosphatidic acid; PC, 
phosphatidyl choline; PE, phosphatidyl ethanolamine. 

Technologies)] were plated on day 0 (8.5 X 10^ cells/lOO-mm 
dish) and infected on day 1 with high titers of virus at a 
multiplicity of infection (MOI) that was empirically deter- 
mined. On day 3, cells were collected by centrifugation and 
washed twice with PBS. Cell pellets were homogenized by 10 
passages through a 27-gauge needle in 0.1 M sucrose, 50 mM 
KCl, 40 mM KH2PO4, and 30 mM EDTA (pH 7.2). Total 
membrane fractions (100,000 X g pellet) were resuspended in 
the homogenization buffer and frozen (-80X). Immunoblots 
of membrane proteins (75 /utg) were performed with the 
anti-FLAG M2 mAb (IBI/Kodak). 

For metabolic labeling, H5 insect cells were plated on day 0 
(2.9 X 10^ cells/60-mm dish) and infected on day 1 with high 
titers of viruses. On day 3, cells were washed and incubated in 
methionine- and cysteine-free medium (SF900 II, Life Tech- 
nologies) for 2 h, followed by incubation in the same medium 
containing 715 ^Ci of p^S]methionine and p^S]cysteine (Pro- 
Mix; Amersham; 1 Ci = 37 GBq) for 1 h. Cells were washed 
twice with PBS and collected by low-speed centrifugation. The 
cell pellet was resuspended in 0.5 ml of 50 mM Tris-HCl, 150 
mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 
and 1% Triton X-100 (pH 7.4) and sonicated. Cellular proteins 
(100 /ng) were analyzed by SDS/PAGE and autoradiography. 

For ACAT assays, cell-membrane proteins (100 fxg) were 
assayed by using [l-^^C]oleoyl CoA (51 mCi/mmol, Amer- 
sham) and cholesterol/egg phosphatidylcholine (PC) lipo- 
somes (molar ratio = 0.7) as described (17). In some assays, 
other acyl acceptors were substituted for cholesterol in the 
liposomes at a molar ratio of 0.2 (acceptor/egg PC). Incor- 
poration of the [^"^Cloleoyl group into products was assessed by 
TLC, followed by autoradiography. DGAT assays were based 
on assays optimized for rat liver (15, 18) (S.K.E., K. Pella, and 
S.R.L., unpublished data). The incorporation of [^"^CJoleoyl 
CoA into triacylglycerol was measured under apparent Vmax 
conditions by using exogenous DAG provided as DAG/egg PC 
liposomes (molar ratio «=*0.16). Cell-membrane proteins 
(20-25 /xg) were assayed in 0.25 M sucrose, 1 mM EDTA,. 150 
mM MgCl2, and 100 mM Tris-HCl (pH 7.5) containing 250 /mg 
of BSA and 20 ptg of DAG in liposomes and 5 nmol [^"^Cjoleoyl 
CoA (40,000 dpm/nmol) (final volume, 0.2 ml). Reactions 
were carried out for 5 min, and the products were analyzed as 
described (19). Similar assays were performed with 1-stearoyl- 
2-[l-^'*C]arachidonyl-5n-glycerol (53 mCi/mmol, Amersham) 
diluted to a final activity of 38,000 dpm/nmol with unlabeled 
l,2-diacyl-5/i -glycerol and unlabeled oleoyl CoA 

Relative triacylglycerol and DAG masses were determined 
by total lipid extraction of membranes or cells followed by 
TLC, iodine vapor visualization, photography of the plates. 
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and densitometric analysis. Triolein standards were used to 
estimate the mass of triacylglycerols, and DAG units were 
estimated relative to one another. Triacylglycerol values were 
normalized to 1 for wild-type virus-infected ceU membranes to 
correct for inter-experiment variability. 

mRNA Expression. Human Multiple Tissue Northern blots 
(CLONTECH) were hybridized with a ^^p.iabeled 1.1-kb 
human DGAT fragment from the human EST. For mouse 
tissues, total RNA was prepared with Trizol reagent (Life 
Technologies), and samples (10 fig) were analyzed by Northern 
blot with a ^^P-labeled, 1-kb mouse DGAT fragment from the 
mouse EST. Blots were stripped and sequentially reprobed for 
glyceraldehyde-3-phosphate dehydrogenase and 28S RNA 
(20). Bands in autoradiograms from the 3T3-L1 experiments 
were quantified with a Phosphorlmager (Fuji Medical Sys- 
tems, Stamford, CT). 

NIH 3T3-L1 Diflferentiation. NIH 3T3-L1 fibroblasts were 
cultured in DMEM supplemented with 10% fetal bovine 
serum, 100 units/ml penicillin, 100 /ig/ml streptomycin, and 2 
mM L-glutamine. 3T3-L1 cell differentiation into adipocytes 
was induced by incubating confluent monolayers of cells in 
serum-containing medium supplemented with 10 ~^ M dexa- 
methasone, 0.5 mM isobutylmethybcanthine, and 10 ^g/ml 
insulin (21). 

Gene Mapping. Primers derived from the human EST 
sequences were used to identify genomic clones in an arrayed 
bacteria artificial chromosome (BAC) library according to the 
manufacturer's protocol (Research Genetics, Huntsville, AL). 
The BAC clone was mapped to chromosome 8qter by fluo- 
rescent in situ hybridization (22). The clone (RMC08P051) 
may be requested from the website http://rmc-www.lbl.gov. 
Linkage analysis for mouse gene mapping was performed with 
a panel of 67 progeny derived from an interspecific backcross 
[(C57BL/6JX Mus spretus)Fi X C57BL/6J] (23). This back- 
cross panel has been typed for more than 400 loci throughout 
the genome (24). Briefly, parental strain DNAs were screened 
for restriction fragment-length variants by restriction enzyme 
digestion and hybridization with a radiolabeled, 1-kb mouse 
DGAT cDNA fragment as described (23). Filters were washed 
in l.Ox SSC/0.1% SDS at 50X for 20 min. Autoradiograms 
were exposed for 3 days at — 70°C. Linkage to previously typed 
chromosomal markers was detected by using map manager 
version 2.6.5, and loci were ordered by minimizing the number 
of recombination events between DGAT and the markers (25). 

RESULTS 

Through homology searches of the EST databases using 
coding sequences from ACAT, we identified an EST clone that 
shared homology with sequences in the ACAT C terminus. 
The translation of a full-length cDNA for this EST predicts an 
ORF encoding a 498-aa protein that is «»20% identical to 
mouse ACAT (Fig. 24), with the most highly conserved 
regions in the C terminus. The predicted protein sequence 
contains a potential N-linked glycosylation site and a putative 
tyrosine phosphorylation site. A serine residue found in ACAT 
that is necessary for enzyme activity (26) appears to be 
conserved. The protein has multiple hydrophobic domains and 
6-12 possible transmembrane domains (Fig. 2B). Analysis by 
a transmembrane region prediction program (http:// 
ulrec3,unil.ch/software/TMPRED_form.html) favors nine 
transmembrane domains (amino acids 96-114, 140-157, 174- 
198, 200-218, 293-311, 337-360, 412-434, 436-456, and 461- 
484). 

Given the 20% sequence identity to ACAT, experiments 
were designed to test whether this cDNA encoded an enzyme 
that catalyzed cholesterol esterification. FLAG epitope tagged 
(at the N terminus) or untagged versions of the cDNA were 
expressed in H5 insect cells by using a baculovirus expression 
system. Cells infected with the virus containing this cDNA 
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Fig. 2. The mouse DGAT protein. (^4) Predicted amino acid sequence of the mouse DGAT cDNA. The predicted amino acid sequence of mouse 
DGAT (mDGAT) is shown in alignment with mouse ACAT (mACAT) (32). The two sequences are «*20% identical (identical residues are boxed). 
A potential N-Iinked glycosylation site (asterisk) and tyrosine phosphorylation site (shaded) are indicated. A serine residue in ACAT known to 
be necessary for catalytic function is also indicated (triangle). (B) Hydrophobicity plot of DGAT as assessed by Kyte-Doolittle (K-D) analysis (33). 
Hydrophobic regions are shaded. 



expressed an *^47-kDa protein at high levels in the membrane 
fraction (Fig. 3A) but lacked detectable cholesterol esterifica- 
tion activity as compared with ACAT virus-infected cells (Fig. 
3B). However, further analysis of TLC plates from these assays 
revealed that membranes from these cells had significantly 
increased triacylglycerol mass (as assessed by h visualization) 
(data not shown) and incorporated significantly more [^'^C]- 
oleoyl CoA into triacylglycerols than did membranes from 
wild-type virus-infected cells (197 vs. 55 pmol/mg protein per 
min). These data suggested that the identified cDNA encoded 
a DGAT. 

DGAT activity was measured in membranes from H5 insect 
cells expressing the putative DGAT cDNA and found to be 
more than 5-fold higher than in membranes from wild-type 
virus-infected cells (Fig. 3B), The DGAT activity level in- 
creased proportionately with the amount of FLAG-tagged 
protein expressed in membranes isolated from cells harvested 
at different time points after infection (Fig. 3C). DGAT 
activity levels in membranes from cells expressing the cDNA 
were similar regardless of whether [^"^CJDAG or [^'^CJoleoyl 
CoA was used as the labeled substrate (Fig. 3D). In the absence 
of added oleoyl CoA, [^"^CJDAG was not incorporated into 
triacylglycerols. In addition, [^HJoleic acid was not incorpo- 
rated into triacylglycerols in membranes from DGAT virus- 



infected cells (7 ± 6 vs. 49 i 47 pmol triacylglycerol/mg 
protein per min for wild type, n = 3), establishing the 
requirement for a fatty acyl CoA. Triacylglycerol mass was 
increased more than 10-fold in membranes from DGAT 
virus-infected cells compared with membranes from wild-type 
virus-infected cells (11 ± 7 vs. 1 ± 0.5 pg/jLtg membrane 
protein, P = 0.04, « = 5). No change in relative DAG mass was 
observed (0.33 ± 0.05 vs. 0.34 ± 0.12 units for DGAT and wild 
type, respectively). We also tested a variety of other possible 
acyl acceptors, including 25-hydroxy-, 26-hydroxy-, 7a- 
hydroxy- or 7p-hydroxycholesterols, 7-ketocholesterol, vita- 
mins D2 and D3, ethanol, j3-sitosterol, lanosterol, and ergos- 
terol (shown in Fig. 3E), and vitamin E, retinol, and dehydro- 
epiandrosterone (data not shown), as substrates for the 
expressed DGAT enzyme. Although [^"^CJoleoyl CoA was 
consistently incorporated into triacylglycerols (by using the 
endogenous diacylglycerol as the acyl acceptor), it was not 
incorporated into esters for any other substrate tested, as 
assessed by autoradiography of TLC plates used to analyze 
reaction products (Fig. 3E). 

DGAT mRNA expression was examined in a cultured cell 
model of adipocyte differentiation and in mammalian tissues. 
The mRNA increased markedly (««8-fold) in parallel with 
DGAT activity in NIH 3T3-L1 cells during their differentiation 
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Fig. 3. Enzymatic activities in insect cell membranes expressing DGAT. Cells were infected with wild-type baculovinis (WT), mouse ACAT, 
or mouse DGAT recombinant baculoviruses, and membranes were assayed for enzymatic activity. (A) Metabolic labeling. Cell proteins, 48 h after 
infection, were metabolically labeled with p^sj^^^thionine and p^Sjcysteine, and whole-cell lysates were analyzed by SDS/PAGE and 
autoradiography. The expression of viral polyhedrin protein (lane 1), mouse DGAT (lane 2), FLAG-tagged mouse DGAT (lane 3), and mouse 
ACAT (lane 4) is indicated (triangles). (B) ACAT and DGAT activities. Data represent the mean (±SE) of five experiments. *, P < 0.001. vs. 
WT. (C) Time course of DGAT virus infection. Insect cell membranes were isolated at the indicated times after infection. Expression of the 
FLAG-tagged DGAT was detected by immunoblotting with an anti-FLAG antibody (Inset), and DGAT activity was measured. The doublet band 
observed in this experiment was not routinely observed, and its significance is unknown. Data represent the mean (±SE) of three experiments. 
(D) Comparison of the rate of triacylglycerol synthesis with either DAG or oleoyi CoA as the radiolabeled substrate. Assays contained the same 
amounts of oleoyi CoA (5 nmol) and DAG (2.5 ;Ag) in all cases. The specific activity for DGAT virus-infected cells is less than that observed in 
A because of the reduction in DAG substrate concentration (i.e., this experiment was not performed at apparent Vmax)- Data are the mean (±SE) 
of five experiments. *, P < 0.001 vs. WT. (E) Acyl acceptor specificity of DGAT. Reaction products from wild-type or DGAT virus-infected 
membranes assayed with [^'^CJoleoyl CoA and various acyl acceptor substrates were analyzed by TLC. Note that [*'*C]oleoyl CoA is incorporated 
specifically into triacylglycerols for all reactions containing membranes expressing DGAT. Hydrolysis of the labeled oleoyi CoA to oleic acid (as 
shown in this experiment) was observed in some, but not all, preparation of membranes expressing DGAT; this finding was associated with 
membranes expressing the highest levels of DGAT activity. 
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into adipocytes (Fig. 4 A and B). DGAT mRNA was expressed 
in every human (Fig. 4C) and mouse (data not shown) tissue 
examined, with the highest expression levels in the small 
intestine. In addition, expression was detected in mouse adi- 
pose tissue (Fig. 4D). In the human Northern blots, additional 
hybridization signals were observed at «*2.2 kb and «*4.0 kb. 
TTie significance of these bands is currently unknown. 

The human DGAT gene was mapped to human chromo- 
some 8qter by fluorescent in situ hybridization. By using an 
interspecific cross, we mapped the mouse homolog for the 
DGAT gene (Dgat) to a region of chromosome 15 that exhibits 
homology with human chromosome 8 (Fig. 5). This region of 
mouse chromosome 15 has exhibited linkage with levels of 
plasma triacylglycerol-rich lipoproteins in several genetic 
crosses (24, 27, 28). In each case, the strongest linkage was 
observed with levels of plasma very low density lipoprotein 
(VLDL) and low density lipoprotein (LDL) cholesterol, but 
there was also evidence of linkage with levels of plasma 
triacylglycerols. For example, in a cross between strains MRL 
and BALB/c, marker D15Mitl7 exhibited a lod score of 6.7 for 
VLDL and LDL cholesterol and 2.7 for triacylglycerols (24). 

DISCUSSION 

DGAT is a microsomal enzyme that plays a central role in the 
biosynthesis of cellular triacylglycerols. DGAT has never been 



purified to homogeneity, nor has its gene been cloned. In this 
study, we identified a cDNA encoding a protein that possesses 
DGAT activity. The identification of this cDNA provides a 
molecular probe for studying the role of DGAT in biology. 

Several findings support the hypothesis that the cDNA we 
identified encodes a DGAT. First, DGAT activity was more 
than 5-fold higher in membranes expressing the cDNA than in 
membranes from wild-type virus-infected cells. Although in- 
sect cells, like all eukaryotic cells, synthesize triacylglycerols 
(2), the ability to express large amounts of the DGAT protein 
enabled us to detect DGAT-specific activity at high levels, 
similar to those found in mammalian tissues (14) and consid- 
erably above background levels in insect cells. The acyltrans- 
ferase activity depended on the presence of a fatty acyl CoA 
substrate and was specific for DAG; there was no activity with 
cholesterol or a variety of other acyl acceptor substrates. 
Second, its mRNA expression increased markedly in parallel 
with DGAT activity in NIH 3T3-L1 cells during their differ- 
entiation into adipocytes, a process known to be associated 
with increases in DGAT activity (29) and triacylglycerol mass 
accumulation (30). Third, mRNA expression was detected in 
every mammalian tissue examined, as expected because of the 
central role of DGAT in cellular glycerolipid metabolism. The 
highest expression levels were found in the small intestine, 
consistent with a proposed role for DGAT in intestinal fat 
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Fig. 4. Analysis of DGAT mRNA expression. {A) DGAT activity and {B) DGAT mRNA expression during differentiation of 3T3-L1 cells into 
adipocytes. Mouse 3T3-L1 adipocyte differentiation was induced, and RNA and membranes were isolated from undifferentiated cells or cells harvested 
4 and 10 days later. Results are shown for DGAT and two controls for RNA loading [glyceraldehyde-3-phosphate dehydrogenase (G3PDH) and 28S RNA}. 
Quantitation of DGAT mRNA in triplicate samples, by Phosphorlmager analysis and correction for loading relative to 28S RNA (20) as an internal 
standard, demonstrated that DGAT levels were increased S-fold by day 4 and 8-fold by day 10 of differentiation. The experiment was repeated three times 
with similar results. (C) DGAT expression in human tissues as assessed by Northern blot analysis. {D) DGAT expression in mouse small intestine and 
adipose tissue from two mice (lanes 2 and 3). The membrane was stripped and reprobed for 28S RNA (20). 
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Fig. 5. Mouse chromosomal location of DGAT gene. Genetic 
mapping of the Dgat to mouse chromosome 15 was performed by 
linkage analysis performed with a panel of 67 progeny from an 
interspecific backcross [(C57BL/6J X Mm spretus)¥i X C57BL/6J] 
(23). A segment of the chromosome is drawn with the centromere 
toward the top. The ratios of the number of recombinants to the total 
number of informative mice and the recombination frequencies ±SE 
(in cM) for each pair of loci are indicated. For pairs of loci that 
cosegregate, the upper 95% confidence interval is shown in paren- 
theses. No recombination was observed between Dgat, D15Ucla2, and 
Tef {0/65 mice). The DGAT gene has been assigned the name DgaL 
The data have been deposited in the Mouse Genome Database under 
accession number MGD-J:44983. 

absorption (3, 31). In addition, the mRNA was expressed in 
adipose tissue, which is known to have a high level of DGAT 
activity (6). Interestingly, mRNA expression was relatively low 
in the livers of humans (Fig. 4C) and mice (data not shown), 
despite the fact that significant DGAT activity is present in the 
liver (14). The significance of this finding is currently unknown. 
One possibility is that, although the expression levels are low, 
the mRNA encodes a very stable protein; alternatively, it is 
possible that the liver expresses a second DGAT. As a final 
piece of evidence confirming the identity of this cDNA, we 
have disrupted the mouse DGAT gene in embryonic stem cells 
and achieved germ-line transmission of this mutation. Prelim- 
inary results indicate that DGAT activity in membranes from 
embryonic fibroblasts homozygous for the knockout mutation 
is reduced to «*5% or less than that in wild-type fibroblast 
membranes (S.J.S., S.C., and R.V.F., unpublished observa- 
tions). 

The identification of a DGAT cDNA has significant impli- 
cations for understanding the regulation of the triacylglycerol 
biosynthetic pathway and intracellular lipid metabolism. 
DGAT molecular probes will facilitate in vivo studies of the 
role(s) of DGAT and its regulation in a number of physiologic 
processes, such as intestinal fat absorption, lipoprotein syn- 
thesis and secretion, lactation, and adipose tissue formation. 
Whether DGAT regulation participates in modulating levels of 
cellular DAG involved in signaling also can be assessed. 
Ultimately, understanding DGAT at a molecular level may 
uncover potential approaches for treating hypertriglyceride- 
mia or obesity in humans. 
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The enzyme acyl coenzyme Aicholesterol acyltrans- 
ferase 1 (ACATl) mediates sterol esterification, a crucial 
component of intracellular lipid homeostasis. Two en- 
zymes catalyze this activity in Sticcharomyces cerevisiae 
(yeast), and several lines of evidence suggest multigene 
families may also exist in mammals. Using the human 
ACATl sequence to screen data bases of expressed se- 
quence tags, we identified two novel and distinct partial 
hiunan cDNAs. Full-length cDNA clones for these ACAT 
related gene products (ARGP) 1 and 2 were isolated 
from a hepatocyte (HepG2) cDNA library. ARGPl was 
expressed in numerous human adult tissues and tissue 
culture cell lines, whereas expression of ARGP2 was 
more restricted. In vitro microsomal assays in a yeast 
strain deleted for both esterification genes and com- 
pletely deficient in sterol esterification indicated that 
ARGP2 esterified cholesterol while ARGPl did not. In 
contrast to ACATl and similar to liver esterification, the 
activity of ARGP2 was relatively resistant to a histidine 
active site modifier. ARGP2 is therefore a tissue-specific 
sterol esterification enzyme which we thus designated 
ACAT2. We speculate that ARGPl participates in the 
coenzyme A-dependent acylation of substrate(s) other 
than cholesterol. Consistent with this hjrpothesis, 
ARGPl, unlike any other member of this multigene fam- 
ily, possesses a predicted diacylglycerol binding motif 
suggesting that it may perform the last acylation in tri- 
glyceride biosynthesis. 



The intracellular formation of sterol esters from fatty acid 
and sterol is mediated by acyl-CoA:cholesterol acyltransferase 
(ACAT).^ The pathological accumulation of cholesterol esters in 
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atherosclerotic lesions has lead to intense pursuit of ACAT 
inhibitors as pharmacological agents. Microsomal ACAT prep- 
arations from various tissues display differential sensitivities 
to some of these agents (1) including histidine modifiers (2). 
This suggests that more than one protein mediates the esteri- 
fication reaction, such as occurs in yeast (reviewed in Ref 3). 
Saccharomyces cerevisiae (budding yeast) has two ACAT re- 
lated enzymes, Arel and Are2, which are derived from separate 
genes and have been shown to independently esterify sterols (4, 
5). In terms of contribution to the sterol ester mass of the cell, 
Arel is the minor isoform relative to Are2. These genes were 
identified based on sequence conservation to a human gene, 
ACATl, which encodes an ACAT enzyme with homologs in 
many mammalian species (6, 7). The human ACATl gene en- 
codes a 550-amino acid pol3rpeptide and is expressed in most 
tissues, predominantly placenta, limg, kidney, and pancreas 
(6). ACATl has been predicted to have two transmembrane 
domains (6) and has been immunolocalized to the endoplasmic 
reticulum (8, 9). When murine ACATl was disrupted in in- 
duced mutant mice, homozygotes for the deletion were found to 
essentially lack ACAT activity in embryonic fibroblasts and 
have negligible amounts of cholesterol ester in the adrenal 
cortex and peritoneal macrophages (10). However, cholesterol 
ester accumulation was normal in hepatocytes while dietary 
cholesterol absorption, an indirect marker for intestinal cho- 
lesterol esterification, was indistinguishable from control lit- 
termates. This is consistent with the concept of a multigene 
family for this activity. 

ACAT isoenzymes may be required to perform the variety of 
physiological roles mediated by cholesterol esterification. In- 
creases in cellular free cholesterol above certain levels are 
cytotoxic and are ameliorated by cholesterol ester formation 
(11). In hepatocytes, the bulk of cholesterol secreted in very low 
density lipoprotein is esterified intracellularly and determines 
apolipoprotein B secretion rates (12-14). Cholesterol esterifi- 
cation in the enterocyte may be necessary for cholesterol ab- 
sorption from the lumen and secretion in chylomicrons into the 
lymph (15). The formation of cholesterol ester stores could also 
provide a readily available substrate for steroid hormone syn- 
thesis in steroidogenic tissues (16, 17). It is likely that different 
ACAT isoz3ncQes mediate each of these processes, and the data 
presented here support that hypothesis. 

We reasoned that additional human ACAT proteins would 
have sequence similarity to regions conserved between human 
ACATl and yeast Arel and Are2. (4). Accordingly, an ACAT 
consensus sequence was used to screen the data base of ex- 
pressed sequence tags (dbEST). Several cDNA entries were 
identified which were transcribed from two independent hu- 
man genes. This study is a description of the isolation of full- 
length cDNA clones for two ACAT-related gene products 
(ARGPl and ARGP2), examination of their pattern of tissue 
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expression, and assays of enzymatic activity. We show that 
ARGP2 can catalyze the formation of sterol ester from choles- 
terol and oleoyl-CoA, leading us to rename this gene, ACAT2. 
By contrast, ARGPl did not detectably esterify cholesterol and 
we propose that it performs acyl-CoA-dependent acylation of 
other molecules, such as diacylglycerol. 

EXPERIMENTAL PROCEDURES 

General — Molecular biology techniques were performed by conven- 
tional protocols (18, 19) and DNA modifying reagents were purchased 
from Life Technologies, Inc., New England Biolabs, or Promega as 
indicated. The Prime It random priming probe synthesis kit was ob- 
tained from Stratagene. The DIG Genius probe synthesis kit and CSPD 
were supplied by Boerhinger Mannheim. Radioactive reagents ([^^CJo- 
leoyl-CoA and P^PjdCTP) were purchased from NEN Life Science Prod- 
ucts Inc. Ethidium bromide-stained agarose gels were visualized by the 
Kodak Digital Science ID system. Automated DNA sequencing was 
performed at the Columbia University Cancer Center sequencing facil- 
ity, and oligonucleotides were synthesized by Genset. DNA and amino 
acid sequence analysis and comparisons were performed using 
DNAStrider (20), PILETJP, and GAP programs (GCG Inc. (21)), Prosite 
(22), and Identify (Ref. 23, website hUp7/dna.stanford.edu/identify/). 
Yeast media components were prepared as described (18). 

Screening the dbEST-^A 30-amino acid ACAT concensus peptide 
sequence (FAEMLRPGDRMFYKDWWNSTSYSNYYRTWN) was used 
as the query in a tblastn (which compares a protein sequence against a 
nucleotide sequence data base translated in all reading frames (24, 25)) 
search of the data base of expressed sequence tags at NCBLI (dbEST). 
Three clones, H24971, R07932, and R99213, derived fr^m a common 
gene (named ACAT related gene product 1, ARGPl), were identified 
(p < lO'**). The entire human ACATl protein was then used in an 
identical search. In addition to clones of ACATl and ARGPl, two 
entries, R10272 and W76421, with significant similarity were identified 
(p < 10~^). They were derived firom a gene we named ARGP2. Rescreen- 
ing the dbEST with these clones identified two more ARGP2 entries. 
Escherichia coli clones with the largest inserts corresponding to these 
sequences were obtained firom the I.MA.G.E. consortium and rese- 
quenced with T3, T7, or gene specific primers. 

5' Rapid Amplification ofcDNA Ends (RACE) of ARGPl— Oligoi^T) 
primed, double stranded cDNA was reverse transcribed firom human, 
ileal, poly(A)'^ mRNA, kindly provided by Dr. Paul Dawson, and ligated 
to adapters using a commercially available kit (CLONTECH, Palo Alto, 
CA). Touchdown PGR (26) was performed for 35 cycles with a forward 
primer complementary to the adapter (API, 5'-CCATCCTAATAC- 
GACTCACTATAGGGC) and a reverse primer (End4A. 5'-CCACCTG- 
GACX3TGGGTGAAGAAC) complementary to the ARGPl dbEST done 
Z43867. The PGR mixture included 200 nM each oUgo, 200 fiM dNTPs, 
1.75 mM MgCla, 2.5 units of Taq, and the cDNA diluted 1:500. The 
700-bp reaction product was gel isolated, ligated into YEp352 with a T 
overhang generated by Taq polymerase, and sequenced. 

5' RACE of ARGP2—A human, fetal (20 weeks post-conception) 
liver/spleen, oligo(dT)-primed, cDNA library in the vector pT7T3D was 
kindly provided by Dr. Bento Soares. PGR was performed with the 
cDNA, a forward primer (M13 reverse, 5'-TGAGCGGATAACAATT- 
TGACACACjG) complementary to the vector and a reverse primer (203, 
5'-CCCGATGCTGAGGT(7rGTGATCAG), complementary to the 
ARGP2 dbEST clone R10272, using the above conditions. The 800-bp 
reaction product was gel isolated, ligated into pBS:SK (Stratagene) with 
a T overhang generated by Taq polymerase, and sequenced. 

Hybridization Screening of a HepG2 cDNA Library— A yeast expres- 
sion Ubrary of HepG2 cDNA (size selected for inserts greater than 2.0 
kb in pAB23BXN, commercially available firom Austral Biologicals, San 
Ramon, CA), was propagated in the E. coli strain MC1061 and plated 
onto 135-mm LB + ampicillin (50 figAnl) plates at an approximate 
density of 5000 colonies per plate. Membrane (Hybond-N, Amersham) 
replicas of the plates were probed by hybridization with a digoxigenin- 
labeled probe specific for ARGPl (synthesized using a 420-bp Notl, Pstl 
digestion product of the 5' RACE product) or ARGP2 (synthesized using 
the 5' RACE product) in 5 X SSC, 0.05% SDS, 0.1% N-laurolysarcosine, 
0.1 mg/ml salmon sperm DNA, and 2% (w/v) blocking reagent (Boer- 
hinger Mannheim) at 65 "C for 14-18 h. The membranes were washed 
in 0.2 X SSC, 0.1% SDS at 60 'C for 80 min, incubated with an anti- 
digoxigenin antibody (1:10,000), washed in Tris-buffered saline, incu- 
bated with the peroxidase substrate CSPD (Boerhinger Mannheim), 
and detected by enhanced chemiluminescence (ECL). For ARGPl, 4 
single positive clones were isolated after screening ~20,000 clones. For 
ARGP2, 4 single positive clones were isolated after screening —30,000 



clones. The longest clones for each were sequenced multiple times on 
both strands using vector and gene-specific oligonucleotides. 

Tissue Culture— Cuitured human Caco2, HeLa, HepG2, and THPl 
cell lines were donated by Dr. R. J. Deckelbaum and originally obtained 
firom the ATCC. HepG2, HeLa, and Caco2 cells were maintained as cell 
monolayers in Dulbecco's modified Eagle's medium (Life Technologies, 
Inc.) + 10% fetal bovine serum (HyClone) in 5% COg. THPl monocyte 
cells were maintained in suspension in RPMI (Life Technologies, Inc.) + 
10% fetal bovine serum in 5% COg. DifiFerentiation of THPl cells was 
stimulated with 150 ng/ml tetramyristate phorbol ester and 140 /iM 
/3-mercaptoethanol. Whole cell RNA was isolated firom confluent mono- 
layer cultures or pelleted THPl cells using TRIzol (Life Technologies, 
Inc.) extraction. The Caco2 cells had been confluent for approximately 
21 days. 

Human Adult and Fetal Multi-tissue Northern Blot Analysis — Com- 
mercially obtained multi-tissue Northern blot (CLONTECH) contained 
2 /ig of poly(A)^ RNA firom human adult or fetal (18-24 weeks postcon- 
ception) tissues originally resolved on a 1.2% agarose, formaldehyde 
gel. The adult tissue membrane was hybridized with a random-hex- 
amer primed, [^PldCTTP-labeled probe, generated using the insert of 
the ARGPl dbEST clone R99213, in ExpressHyb buffer (CLONTECH) 
for 1 h at 68 "C. The membrane was washed in 0.1 X SSC, 0.5% SDS at 
50 *C. Afl»r stripping the membrane was probed with ARGP2 (dbEST 
clone 10272 insert and the ARGP2 5' RACE product) using the condi- 
tions above. The fetal tissue Northern blot was hybridized with the 
same ARGP2 probe. 

Reverse Transcription PCR — Human cDNA obtained as part of a 
Quick Screen cDNA Panel of Human tissues (CLONTECH) or reverse 
transcribed (Life Technologies, Inc. kit) fi^m human ileal poly(A)'*' 
mRNA was used as the template in a PCR reaction with primers 
specific for ARGPl (106, GGCATCCTGAACTGGTGTGTGGTG; 110, 
AGCT(3GCATCAGACTGTGTCTGG). ARGP2 (202, GAGTTCCCCCA- 
CATTCATCAAATCC; 206, CATGCTGCTGCTCATCTTCTTTGCA), or 
P-actin (Actl, GAGCTGCCTGACGGCCAGGTC; Act2, CACATCTGCrT- 
GGAAGGTGGACAG). The PCR mixture included 1.5 mM MgClj, 200 
/iM dNTPs, 400 nM of each primer, and 2 units of Taq (Life Technologies, 
Inc.). Following 35 cydes (94 *C, 45 s; 60 'C, 45 s; 72 'C, 2 mm), the 
products were resolved on a 1% agarose, 0.5 ethidium bromide 

gel. For RNA prepared firom human cultured cells, first strand cDNA 
synthesis was performed, with and without reverse transcriptase (Su- 
perscriptll. Life Technologies, Inc.) using 4 /ig of whole cell RNA. A 
firaction of each reaction (10%) was the template in a PCR reaction (30 
cycles of 94 "C, 30 s; 68 "C, 2 min) with primers specific for ARGPl (103, 
GCTTCATGGAGTTCTGGATGGTGG; 106, GGCATC<^GAACTGGT- 
GTGTGGTG), ARGP2 (201, GACACCTCGATCTTGGTCCTGCC; 202, 
as above) or human ACATl (ACATa, CGGAATATCAAACAGGAGC- 
CCTTC; ACATb, CATTCCAAAGAACATGAAGATGCACG). 

In Vitro Assay of ACAT Activity in Yeast Microsomes — The cDNA 
inserts of the longest ARGPl and ARGP2 HepG2 library clones were 
removed by Notl, Eco'KL digestion and ligated into the yeast expression 
vector pRS426GP which utilizes the galactose inducible GALI/GALIO 
promoter. A cDNA corresponding to the coding region of human ACATl 
flanked by 5 bp of 5'-untranslated region and 1 bp of 3'-untranslated 
region, in pRS426GP was described previously (27). Yeast strain, 
SCY059 (MATa, ade2-l, canl-l trpl-1, uraS-l, his3-ll, 15, leu2-3, 112, 
metl4M4Hpal-Sall, arel^NA:HIS3, are2^:LEU2) with deletions in 
AREl BndARE2, the yeast homologs of human ACATl (4), was trans- 
formed with the above constructs or pRS426GP using lithium acetate 
and nucleic acid prototrophy selection (28). Expression of the constructs 
was verified by RT-PCR analysis of RNA isolated firom the transformed 
cells. Culturing of the transformed yeast, induction of expression, mi- 
crosome isolation, and sterol esterification assays were as described 
previously (27). In those experiments involving diethylpyrocarbonate 
(DEPC) to modify histidine residues, a preincubation with 100 /xM 
DEPC was performed as described (2). 

RESULTS 

Isolation of Full-length cDNA Clones for Two ACAT Related 
Human Genes — ^A comparison of the human ACATl protein 
and the two yeast ACAT orthologs (Arel, Are2) identified a 
highly conserved (70% identical) region of 30 amino acids 
(ACATl amino acids 391-420) near the carboxyl terminus. 
This peptide was used to screen the data base of expressed 
sequence tags (dbEST). The seardi identified several human 
cDNAs, the longest being 890 bp (CSenBank accession number 
H45923), derived firom a common gene we call the ARGPl. To 
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Fig. 1. ARGPl predicted peptide se- 
quence. A 1976-bp ARGPl cDNA clone 
was identified by colony hybridization 
screening of a HepG2 cDNA library. 
Translation of this clone predicts the 488- 
amino acid peptide shown. The residues 
in bold are conserved with human 
ACATl. The underlined portions are pre- 
dicted transmembrane domains, a poten- 
tial AT-linked glycosylation site is boxed, 
and a putative tyrosine phosphorylation 
motif is in brackets. The sequence has 
been deposited at GenBank, accession 
number AF059202. 



I 
36 
71 
106 
141 
176 
211 
246 
281 
316 
351 
386 
421 
456 



MGDRGSSRRRRTGSRPSSHGGGGPAAAEEEVRDAA 
AGPDVGAAGDAPAPAPNKDGDAGVGSGHWELRCHR 
LQDSLFSSDSGFSNYRGILNW CVVMLILSNART. FT. 
S N L 3t K Y GILVDPIQVVSLPLKDPH SWPAPCLVIAA 
N V P A V A A FQVEKRLAVGALTEQAGIiLLHV A N L A T I 

Lcy?AAVVLLVR s i t p vgsllalmahtilplklfs 

y_RD V NSWCRRARAKAASAGKKASSAAAPHTVSYPD 
|n L t| y RDLYYPLPAPTLCyELNFPRSPRIRKRFLLR 
RTLEMLFFTOLQVRT.y^)^ WMVPTIQNS MfK P F K D M D 
Y]SRIIERLLKLAV PNHI.IWLIPPyWT. FHSCI. N A V A 
BLMQFGDREPYRDWWNSESVTYFWQNWKIPVHKWC 
IRHFYKPMLRRGSSKWMARTGV PLASAPPHBYLVS 
y P Ir R M P R L W AFTGMMAni P LAWFVGRF F Q G N Y G ]LA 
AVWLSLIIGOPIAVLMY VHDYYVLNYEAPAAEA 



1 


MEPGGARLRLQRT 


E 


G 


L 


G G 


36 


PDLVQWTRHMEAV 


K 


A 


Q 


L L 


71 


AIQSYPSQDKPIiP 


P 


P 


P 


P G 


106 


IRKSLLDBLMBVQ 


H 


F 


R 


T 1 


141 


I_D FIDBGRLLLBP 


D 


Xi 


L 


I F 


176 


STLLAPYOAI. RT. W 


A 


R 


G 


T W 


211 


LCALPVHVAVEHO 


L 


P 


P 


A S 


246 


FLRBAVPGTLRAR 


R 


G 


E 


G I 


281 


lYRETYPRTPYVR 


W 


N 


Y 


V A 


316 


GRLCVPVP a|N M S|R 


B 


P 


P 


S T 


351 




N 


A 


P 


A B 


386 


SFSNYYRTWNVVV 


H 


D 


W 


L Y 


421 


VAMLGVFLVSAVAHKY 


LF 


456 


I q G MLNPMMHDQRTG 


P 


A W 


491 


LYCQBWYARRECP 


L P Q 


A T 



ERERQPCGDGNTETHRA 
EQAQGQLRELLDRAMRE 
SLSRTQEPSLGKQKVFZ 
THMPIAGLCVPIISTLA 
S P G Q LPT. AT. VTWVPMPT, 
TQATGLGCA LLAAHAVV 
RCVLVFEQVRPLHKSYS 
QAPSFSSYIfYPLFCPTL 
K N P AQALQCYLYACFIL 
R A L V L s I L H A T L P 9 I F K 
ml[rpgdrmpy3rdw w |n 8 t| 

SYVYQDGLRLLGARARG 

C P V y^gyPYPYMLILPLV 

NVLUWTMLFLOQOIQVS 
PWGLVTPRSWSCHT 



Fig. 2. ARGP2 predicted peptide se- 
quence. A 2040-bp ARGP2 cDNA iso- 
lated by screening a HepG2 cDNA pre- 
dicts the 522-amino acid polypeptide 
shown. The residues in bold are con- 
served with human ACATl. The under- 
lined portions are predicted transmem- 
brane domains, two potential JV-linked 
glycosylation sites are boxed, a putative 
tyrosine phosphorylation motif is in 
brackets, and the circles mark the leucine 
zipper heptad motif. The sequence has 
been deposited at GenBank, accession 
number AF059203. 



date, 26 clones for human ARGPl are present in the dbEST 
from fetal liver/spleen, infant brain, breast, cerebellum, hip- 
pocampus, kidney, placenta, testis, ovary tumor, colon tumor, 
and lung tumor libraries, suggesting ubiquitous and abundant 
expression. In addition, ARGPl is also represented as several 
murine entiies ie,g. GenBank accession niunber C75990). The 
dbEST was then searched using the entire ACATl protein 
sequence. Four human cDNAs, distinct from ARGPl cDNA 
clones, were identified in fetal liver/spleen and fetal heart 
libraries and are derived from a common gene we call ARGP2. 
The longest entxy was 600 bp (GenBank accession number 
R10272). To date these are the only dbEST entries for human 
ARGP2, although several murine entries have been identified 
{e.g. GenBank accession number AA410072). 

Northern blot analysis of humeui tissues (Figs. 3 and 4) 
showed that the initial dbEST clones for ARGPl and ARGP2 
were truncated, relative to the observed transcripts, by approx- 
imately 1000 and 1400 bp, respectively. To isolate full-length 
cDNA clones, 5' RACE was performed using cDNA synthesized 
from human liver (ARGPl) or ileal (ARGP2) mRNA but yielded 
only 600 nucleotides of novel sequence for each. The respective 
5' RACE products were then used as probes to screen a size 
selected (>2.0 kb), HepG2 cDNA library by hybridization. The 
longest ARGPl clone contained 1976 nucleotides and a 130- 
base poly(A)^ tract which agreed with the length of the mini- 
mal ARGPl transcript detected by Northern blot (Fig. 3). 
HepG2 cells express only the 2.0-kb ARGPl transcript.^ A 
similar approach identified ARGP2 clones, the longest of which 
contained 2040 bp of sequence with a 50-base poly(A)^ tract in 
accordance v^dth the observed length of the ARGP2 transcript 
(Fig. 4). 

ARGPl Predicted Peptide — ^The longest open reading frame 



* T. Seo, P. Oelkers, M. Giattina, R J. Deckelbaum, and S, L. Sturley, 
manuscript in preparation. 



of ARGPl, flanked by a 244 nucleotide 5 '-untranslated region 
and a 265-nucleotide 3 '-untranslated region, encodes a 488- 
amino acid protein (Fig. 1) with a calculated molecular mass of 
55,216 daltons. The predicted initiator methionine lies within a 
consensus for initiation of translation (29) and downstream of 
an in-frame termination codon. Comparison to ACATl revealed 
22% amino acid sequence identity (29% similarity) over the 
entire molecule. The conservation of these molecules is greatest 
toward the COOH terminus, such that ACATl and ARGPl are 
28% identical over the last 250 residues. This pattern of se- 
quence similarity is strikingly similar to that observed from 
comparison of ACATl with the yeast Arel and Are2 proteins. 
ARGPl is predicted to be a membrane bound protein with nine 
putative transmembrane domains and one iV-linked glycosyla- 
tion site. Uniquely, ARGPl contains a diacylglycerol/phorbol 
ester binding signature sequence (H.[FWY]..tKR].F..P) at 
amino acids 382-^92 which was originally identified by com- 
parison of protein kinase C isoforms and diacylglycerol kinases 
(Fig. 7) (36, 37)). This motif is also conserved in the murine 
homolog of ARGPl residing at the dbEST ((JenBank accession 
number AA764382). 

ARGP2 Predicted Peptide— The longest ARGP2 open reading 
fr^me, flanked by a 51-nucleotide 5 '-untranslated region and a 
420-nucleotide 3 '-untranslated region, predicts a 522-amino add 
protein with a calculated moleciilar mass of 59,942 daltons (Fig. 
2). The predicted initiator methionine lies within a consensus for 
initiation of translation (29). Gver the entire molecule, the pre- 
dicted protein is 47% identical (54% similar) to human ACATl. 
This conservation is even more pronoimced at the COOH-termi- 
nal end of the molecules, raising to 63% identity over the last 250 
residues. ARGP2 is predicted to be a membrane boimd protein 
with seven putative transmembrane domains and two iV-linked 
glycosylation sites. ARGP2 is similar to ACATl in that it con- 
tains a leucine zipper (338^59) which may mediate multimer- 
ization or interaction with other proteins. ARGP2 does not pos- 
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Fig. 3. Northern blot analysis of 
ARGPl expression in human adult 
tissues. 2 /ig of mRNA from human adult 
tissues (panel A, CLONTECH MTN I; and 
panel By endocrine system MTN) was hy- 
bridized with a P^PJdCTP, random-hex- 
amer labeled, human ARGPl probe in Ex- 
press Hyb solution for 1 h at 68 'C. After 
washing in 0.2 X SSC, 0.1% SDS at 60 
for 40 min, the membranes were exposed 
to x-ray film. Molecular weight markers 
were as supplied by CLONTECH. 




ARGPl 



AR0F2: 



Fig. 4. Northern blot analysis of ARGP2 expression in himian 
fetal tissues. 2 fig of mRNA from human fetal tissues (CLONTECH 
Fetal MTN U) was resolved on a denaturing, 1.2% agarose gel, trans- 
ferred to a nylon membrane, and hybridized with a P^]dCTP, random- 
hexamer labeled, human ARGP2 probe in Express Hyb solution for 1 h 
at 65 -C. After washing in 0.2 X SSC, 0.1% SDS at 68 'C for 40 min, the 
membranes were exposed to x-ray film. Molecular weight markers were 
as supplied by CLONTECH. 



sess a predicted diaQrIglycerol/phorbol ester-binding site. A 
sequenced tag entry (number WI-11660) for ARGP2 localizes to 
human chromosome 12, further distinguishing it from ACATl, 
which is located on chromosome 1 (30). 

ARGPl and ARGP2 Expression in Human Tissues and Tis- 
sue Culture Cell Lines — Expression of a second ACAT would be 
expected in tissues {e.g. liver and intestine) which exhibit nor- 
mal ACAT activity in the induced mutant ACATl (acact") mice 
(10). Expression of ARGPl and ARGP2 was thus examined by 
Northern blot of human RNA (Figs. 3 and 4). Hybridization of 
an ARGPl cDNA probe to a panel of adult tissue mRNAs 
detected a transcript in all tissues examined (Fig. 3). However, 
ARGPl expression levels varied qualitatively among tissues 
with moderate expression in thyroid, stomach, heart, skeletal 
muscle, and liver and high expression in adrenal cortex, adre- 
nal medulla, testes, and small intestine. The presence of a 
2.0-kb transcript was invariable among the tissues while a 
2.4-kb transcript was observed in about half the tissues, most 
notably the tissues with high expression. The origin of these 
two transcripts has not been identified, however, their hetero- 
geneity is unlikely to lie at the 3' end of the message since all 
dbEST entries for ARGPl cDNAs terminate at a similar posi- 
tion. Hybridization of the same membrane, under identical 
conditions, with an ARGP2 cDNA probe failed to detect a 
transcript in any tissue (data not shown). Since the four 
ARGP2 dbEST clones were in human fetal libraries, ARGP2 
expression was examined in human fetal tissues by Northern 
blot (Fig, 4). A 2.2-kb transcript was detected in fetal liver but 
not in fetal brain, lung, or kidney. 

To further examine the expression of ACAT2 in adults, a 
RT'PCR was performed using cDNA generated from a variety 
of tissues (Fig. 5). As shown, ARGP2 is expressed in himian 



fl 



Fig. 5. Analysis of ARGPl and ARGP2 expression in adult 
human tissues using RT-PCR. PCR was performed as described 
using a Quick Screen Human cDNA Panel (CLONTECH), or cDNA 
reverse transcribed from human ileal poly(A)'^ mRNA, and primers 
specific for ARGPl, ARGP2, or ^-actin in a standard PCR mixture. The 
PCR products, predicted to be 921 (ARGPl), 844 (ARGP2), or 835 
(/3-actin) bp, were resolved on ethidium bromide-stained agarose gels 
with a lOO-bp DNA ladder (L; Life Technologies, Inc.). 

adult heart, kidney, liver, lung, pancresis, and ileum. The iden- 
tity of the PCR product was verified by Southern blotting £uid 
hybridization with an ARGP2-specific cDNA probe (data not 
shown). An RT-PCR analysis of ARGPl on these same samples 
gave a similar pattern of expression to that determined by the 
Northern blot in Fig. 3. 

ARGPl and ARGP2 expression in human tissue culture cell 
Hues was also examined by RT-PCR (Fig. 6). ARGPl was ex- 
pressed in cell culture models for human endothelial (HeLa), 
hepatocyte (HepG2), monocyte (undifferentiated THPl), 
macrophage (differentiated THPl), and intestinal epithelial 
(Caco2) cells. Expression of ARGP2 was limited to HepG2 and 
Caco2 cells. This reinforces the concept that ARGPl is widely 
expressed while the expression of ARGP2 is more restricted. 
AGATl was expressed in all of these cell lines confirming 
previous observations (7, 31) (data not shown). 

Assay of ACAT Activity in AC AT Negative Yeast Transformed 
with ARGPl and ARGP2— The ability of ARGPl and ARGP2 to 
esterify sterols was assayed in a sterol esterification deficient 
yeast strain (SCY059) in which the endogenous ARE genes 
were deleted (27). Microsomes firom these yeast, transformed 
with an expression vector harboring no insert or cDNA inserts 
for ARGPl, ARGP2, or human ACATl were assayed in vitro for 
the incorporation of [^^CJoleate into sterol ester. Since we pre- 
viously demonstrated that cholesterol is the preferred sub- 
strate for mammalian ACAT enzymes (27, 32), assays were 
performed with exogenous cholesterol supplied in Triton WR- 
1339. As shown in Table I, ARGP2 forms cholesterol ester at a 
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HeLa Hepfcl THPiu . tHBid; CacdZ 
L + - + - * * - + RT 




ilLR6F2: 



Fig. 6. Analysis of ARGPl and ARGP2 expression in tissue 
culture ceUs using RT-PCR. Monolayer cultures of HeLa, HepG2, 
undifferentiated THPl, and Caco2 tissue culture cells were grown as 
described under "Experimental Pprocedures." THPl cells were differ- 
entiated into macrophages by the addition of phorbol ester. Total cel- 
lular RNA was isolated firom the cells and reverse transcribed using 
oligoldT) priming in parallel with reactions which lacked RT enzyme. 
Oligonucleotide pairs complementary to ARGPl or ARGP2 were in- 
cluded in a PGR using the conditions described in the legend to Fig. 5. 
The PGR products, predicted to be 667 (ARGPl) and 352 (ARGP2) bp, 
were resolved on an ethidium bromide-stained agarose gel alongside a 
100-bp DNA ladder (L; Life Technologies, Inc.). 

Table I 

In vitro analysis ofACAT activity of transformed yeast 
S. cerevisiae strain SCY059 {arel~are2'') was transformed with the 
yeast expression vector pRS426GP harboring either no insert or cDNAs 
encoding human ACATl, ARGPl, or ARGP2. Expression was under the 
control of the inducible GALl 1 10 promoter. Microsomes were isolated 
from galactose induced yeast cultures and incubated in 0.1 m sodium 
phosphate, 1 mM glutathione, 20 nM {^^Cjoleate, with exogenous cho- 
lesterol (260 /iM in Triton WR-1339) for 3 minutes at 37 ''C. The amount 
of radioactivity incorporated into sterol ester was determined by thin 
layer chromatography and scintillation counting as described. In those 
experiments involving DEPC, microsomes were preincubated at room 
temperature in the presence or absence of 100 DEPC for 30 min 
prior to the ACAT assay. Data are pmol cholesteiyl oleate formed per 
min/mg of protein expressed as mean ± S.E. from at least three differ- 
ent experiments on different preparations or of a representative exper- 
iment performed in triplicate. 



cDNA 
Expressed 


In vitro microsomal 
ACAT activity 


Active site modification^ 


Minus DEPC 


Plus DEPC 

(100 ;i.M) 


Degree of 
inhibition 


No insert 


2± 2 








ACATl 


340 ± 76 


340 ± 16 


69 ±4 


80% 


ARGPl 


4±3 








ACAT2 


49± 15 


45 ±5 


30 ±1 


33% 



^ Representative of three different experiments on different prepara- 
tions. 

^ Representative experiment performed in triplicate. 



rate of 49 pmol/min/mg of microsomal protein. This is 24-fold 
over background and about 15% of the activity detected in 
microsomes from ACATl transformants. We therefore re- 
named ARGP2 as ACAT2. ARGPl did not display significant 
ACAT activity. None of the enzymes showed the ability to use 
ergosterol, the major sterol in yeast microsomes, as a substrate 
(data not shown). While the ACATl and ACAT2 mediated 
activities were equally sensitive (75% inhibition) to the ACAT 
inhibitor Dupl28 (0.5 /im; not shown), they showed signifi- 
cantly different sensitivity to the histidine/tyrosine modifying 
agent diethylpyrocarbonate (DEPC, Table I), This reagent was 
previously demonstrated to distinguish liver and adrenal 
ACAT activities, the latter being significantly more sensitive. 
Since adrenal ACAT would primarily represent ACATl, our 



data are consistent with ACAT2 representing the DEPC-resist- 
ant isoform identified by Kinnunen et aL (2). 

DISCUSSION 

We have isolated two independent hxmian cDNAs, ARGPl 
and ACAT2, which encode proteins with significant sequence 
similarities to himaan ACATl. The level of nucleotide sequence 
conservation between ACATl and ACAT2 (55%) suggests their 
common evolution possibly arising firom a gene duplication 
event, as clearly occurred in the case of the yeast ARE gene 
family. However, ARGPl is more distantly related, bearing 39 
and 43% nucleotide identity with ACATl and ACAT2, respec- 
tively, and may have evolved independently. The uniform sim- 
ilarity between the human genes and the two yeast ARE genes 
precludes any assignment of hneage across species. 

The similarity among the three human ACAT-like proteins is 
most distinct over their COOH-terminal regions just as is the 
case when comparing the yeast Are proteins to ACATl. The 
predicted ARGPl protein displays 28% identity with ACATl 
over this portion of the molecule and includes a FY.DWWN 
motif present in all cloned ACATs and shown to be important 
for enzymatic activity (Fig. 7A).^ However, ARGPl is the most 
divergent member of this gene family. For example, a HSF 
motif (residues 268-270) is invariant in ACATl and yeast Are 
enzymes and was critical to ACATl activity in CHO cells. 
Replacement of Ser by Leu produced an inactive and unstable 
molecule (33). This motif is not conserved in ARGPl, although 
several serines are present in the region (e.g. Ser^^^, Fig. 7B). 
ARGPl is also unique in its predicted possession of a diacylg- 
lycerol/phorbol ester-binding site (Fig. 7A), leading us to spec- 
tilate that this enzyme might esterify diacylglycerol to produce 
triglyceride. Sequence similarity between diacylglycerol aQrl- 
transferase and ACAT enzymes might be expected since both 
have a common substrate, acyl-CoA, but differ in the alcohol 
(cholesterol or diacylglycerol) used as a second substrate. 

Of the two new gene products described here, ACAT2 dis- 
plays significantly greater sequence similarity to ACATl, with 
an overall identity of 47% and 63% invariance over the COOH- 
terminal half of the molecules. The FY.DWWN motif common 
to this family of proteins is maintained in ACAT2 to the extent 
that the flanking residues render the tyrosine a candidate for 
phosphorylation as observed in ACATl and in yeast (Fig. 7A). 
Tyrosine phosphorylation may be a regulator ofACAT activity, 
although serine and threonine phosphorylation is unlikely to 
be involved (34, 35). The HSF motif found in ACATl, Arel and 
Are2 is conservatively replaced in ACAT2 by YSF (residues 
244-246; Fig. 7BX Interestingly, histidine modifying agents 
selectively inactivate adrenal microsomal ACAT activity but 
display a significantiy higher (1500 versus 250 /xm) against 
liver microsomes (2). It is intrigmng to speculate that sequence 
variation in the (H/Y)SF motif may explain this observation. In 
accordance with this, we showed that ACATl was significantly 
more sensitive to DEPC than ACAT2. In common with ACATl, 
Arel and Are2, the ACAT2 sequence predicts a leucine heptad 
motif which may play a role in multipeptide complex formation. 
Radiation inactivation studies in rat fiver microsomes have 
shown that the ACAT enzymatic complex is about 200 kDa (36, 
37), much larger than the predicted monomer for ACAT 1 (65 
kDa) or ACAl^ (60 kDa). There is also evidence that ACATl 
interacts with itself in a yeast two-hybrid system (38) and 
ACAT2 may be similar in this regard. ARGPl and ACAT2 are 
also similar to ACATl in terms of hydrophobicity. While pre- 
vious studies suggested that ACATl contains two transmem- 
brane domains (6), the PredictProtein algorithm (39) indicates 



^ Z. Guo, D. Cromley, J. T. Billheimer, and S. L. Sturley, manuscript 
in preparation. 
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A The "DWWN" region of the ACAT gene family 

AREl 482 ELtRFaDRyF ZgDWWNcvSf eeFsRiWNVP VHKfLlRHVY hssmgal.hl sKS 
ARE2 514 ELtRFGDRyF YgDWWHcvSw adFsRiHNiP VHKfLlRHVY hssxnssf.kl nKS 
ACATl 394 EmlRFGDRmF YkDWWNStSy snyyRtWNVv VHdWLyyyaY kdfLwffskr fKS 
ACAT2 368 EmlRFGDRmF YrDWWNStSf snyyRtWNVv VHdWLysyVY qdgLrllgar arg 
ARGPl 351 EUnqFGDReF YrDWWNSeSv tyFwqnWNiP VHKWciRHfY kemLrrgss. .Kw 

K * * 
Consensus BL-RFGDR-F Y-DWWNS-S F-R-WHVP VHKWL-RHVY L KS 



B The "HHSF" region of the ACAT gene family 



AREl 306 FvMKSHSFAf yNgyLWdlkq 

ARE2 335 ILMKmHSFAf yNgyLWgIke 

ACATl 265 FvMKaHSFvr eNvprvLnsA 

ACAT2 240 FLHKSySFlr eavpgtL.rA 

ARGPl 206 FL.KlfSyrd vN8wcr..rA 

0 

Consensus FLKKSHSFA N — LWLI-A 

Fig. 7. Consensus sequences in the ACAT multigene family. Two regions of structural and functional conservation are shown. The amino 
acid position of each initial residue is shown. Uppercase residues indicate those of the consensus calculated with a plurality of 2. A The DWWN 
region. The FY.DWWN motif is invariant in all members identified to date of this gene family, the tyrosine and tryptophans being critical to 
activity.^ In all but ARGPl, the Tyr constitutes a candidate target for phosphorylation (indicated in bold and by w). In ARGPl, the underlined 
sequence HKWCIRHFYKP represents a candidate for diacylglycerol binding as found in protein kinase C and diacylglycerol kinases (motif, 
H.[FWY]..[KR].F..P). The asterisks identify those residues criticsd to definition of this motif that distinguish ARGPl fi-om the other members of the 
family. B, the HSF region. The central serine residue (indicated tr) was found to be critical to the activity and stability of Chinese hamster ovary 
ACATl. 



eight such domains in ACATl, similar to the number predicted 
for ARGPl (nine) and ACAT2 (seven). Membrane spanning 
domains are expected characteristics of ACAT and diacylglyc- 
erol acyltransferase enzymes since both activities are associ- 
ated with microsomal membranes (40-42). 

In addition to sequence similarity with ACATl, we expect 
alternate ACAT enzymes to be expressed in the tissues which 
retain ACAT activity in the induced mutant ACATl mouse, 
namely the liver and intestine. ARGPl met this criteria, how- 
ever, it is also highly expressed in human adult adrenal cortex 
which was depleted of cholesterol esters in the induced mutant 
mouse. Monocytes fi:-om acact" mice were also devoid of choles- 
terol ester and yet ARGPl mRNA was detected in the human 
THPl monocyte cell line. This evidence is contrary to ARGPl 
being an ACAT, barring species-specific differences in expres- 
sion. By the sensitive technique of RT-PCR, ACAT2 expression 
was observed in human adult liver and intestine and in cell 
culture models of the hepatocyt^ and intestinal enterocyte but 
was undetectable in THPl monocytes and macrophages. This 
profile of expression is consistent with a role for ACAT2 in the 
livers and intestine of mammals, particularly ACATl knockout 
mice. 

In confirmation of ACAT2 being a candidate for a second 
ACAT, heterologous expression of ACAT2 in an ACAT-negative 
yeast strain conferred significant microsomal cholesterol ester- 
ification with oleoyl-CoA at a level comparable to the 20-50 
pmol/min/mg of protein observed in human liver microsomes 
supplied with exogenous cholesterol (43). The ACAT2-mediated 
esterification activity was significantly (85%) less than that 
mediated by ACATl in yeast. This may be due to differences in 
protein expression (although both mRNAs were produced at 
high levels as detected by RT-PCR, data not shown), protein 
stability, or a genuine difference between the two enzymes. 

Liver ACAT, predicted to comprise both ACATl and ACAT2, 
utilizes a limited range of sterol substrates but a wide variety 
(16:0, 18:0, 18:1, 18:2, and 20:4) of fatty acyl-CoAs (27, 44). 
Determining substrate-spedfic differences between ACATl 
and ACAT2 may thus explain their redundanpy. The redun- 
dancy may also be related to substrate affinity such as seen 
between the hexokinase types I-III and hexokinase type IV 



(glucokinase) (45). In such a scenario, one ACAT would have a 
lower affinity for cholesterol and only catalyze esterification at 
high cholesterol concentrations. 

In addition to potential differences in activity, the two en- 
zymes may have different physiological roles. For storage, cho- 
lesterol esters concentrate as cytoplasmic neutral lipid drop- 
lets, whereas for lipoprotein synthesis, cholesterol esters are 
incorporated into hpoprotein particles in the endoplasmic re- 
ticulum lumen. Redundant ACAT enzymes might allow one to 
be specific for cytoplasmic release of the cholesterol ester prod- 
uct and another to mediate endoplasmic reticulimi limienal 
release. Since lipoprotein synthesis occurs primarily in the 
liver and intestine, we speculate that ACAT2 may release 
cholesterol ester into the endoplasmic reticuliun lumen, leav- 
ing ACATl to esterify and store sterols in the cytoplasm. The 
large amount of cholesterol ester, likely as cytoplasmic drop- 
lets, in the livers of high fat, high cholesterol fed acact~ mice, 
is contrary to this hypothesis. Alternatively, ACAT2's role may 
be important in the fetus since it was easily detected by North- 
em blot in hiunan fetal liver. 

The abundance of ARGPl entries in the dbEST firom a wide 
variety of cDNA libraries is reflective of the ubiquitous nature 
of ARGPl expression in hxmian adult tissues and tissue culture 
cell lines. This suggests that ARGPl serves a fimction impor- 
tant to many cell types. Expression of two independent clones 
of ARGPl under the regulation of two yeast promoters, 
GALl 110 and GAPDH (not shown), failed to detectably esterify 
cholesterol or ergosterol. ARGPl-specific mRNA was identified 
by RT-PCR in each case. We take this as further evidence that 
unHke ACATl and ACAT2, ARGPl is not involved in choles- 
terol esterification, at least when expressed in yeast. Based on 
the conservation of amino acids in ARGPl that are important 
for ACATl to be active, ARGPl hkely catalyzes a reaction 
simOar to ACAT. Other esterification reactions which use fatty- 
acyl CoAs as substrates include retinol esterification, methyl 
ester formation, triterpene esterification, monoacylglycerol 
transferase, and diacylglycerol transferase. In the latter case 
our observations of a diacylglycerol-binding site in ARGPl 
biases us to the possibility of ARGPl being diacylglycerol acyl- 
transferase, which to date has not been isolated at the molec- 
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ular level. We are presently investigating whether ARGPl can 
mediate these reactions. 
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In characterizing the enzymes involved in the formation of very 
long-chain fatty acids (VLCFAs) in the Brassicaceae, we have gen- 
erated a series of mutants of Arabidopsis thaliana that have reduced 
VLCFA content. Here we report the characterization of a seed lipid 
mutant, ASH, which, in comparison to wild type (WT), has reduced 
levels of 20:1 and 1 8:1 and accumulates 1 8:3 as the major fatty add 
in triacytglycerols. Proportions of 18:2 remain similar to WT. Ge- 
netic analyses indicate that the fatty acid phenotype is caused by a 
semidomlnant mutation in a single nuclear gene, designated TAC1, 
located on chromosome 2. Biochemical analyses have shown that 
the ASH phenotype Is not due to a deficiency in the capacity to 
elongate 18:1 or to an increase in the relative A15 or A12 desatu- 
rase activities. Indeed, the ratio of desaturase/elongase activities 
measured in vitro is virtually identical in developing WT and ASH 
seed homogenates. Rather, the fatty acid phenotype of AS11 is the 
result of reduced diacylglycerol acyltransferase activity throughout 
development, such that triacylglycerol biosynthesis is reduced. This 
leads to a reduction in 20:1 biosynthesis during seed development, 
leaving more 18:1 available for desaturation. Thus, we have dem- 
onstrated that changes to triacylglycerol biosynthesis can result in 
dramatic changes in fatty acid composition and, in particular, in the 
accumulation of VLCFAs in seed storage lipids. 



The fatty acyl composition of seed TAGs determines 
their physical and chemical properties and, thus, their use 
in edible oil or industrial applications. TAG composition 
depends on the interaction of several different groups of 
enzymes in the lipid biosynthesis pathway. The enzymes of 
the fatty acid synthase complex in the plastids of develop- 
ing seeds are responsible for the biosynthesis of fatty adds 
up to and including oleic add. Modifying enzymes, such as 
the extraplastidic A12 and A15 desaturases, elongases, 
hydroxylases, and epoxidases, yield polyunsaturated, very 
long-chain, hydroxy-, and epoxy- fatty adds, respectively. 
Acyltransferases insert specific acyl moieties onto the glyc- 
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erol backbone to yield TAGs via the Kennedy pathway 
(Murphy, 1993; Ohlrogge, 1994). 

Most oilseed crops accumulate a limited range of fatty 
adds in thdr seed oil. Just six fatty acids contribute more 
than 95% of world production (Schmid, 1987). Many other 
fatty acids are of considerable interest as renewable feed- 
stocks for chemical industries. These include the VLCFAs, 
behenic (20:0), eicosenoic (20:1), and erucic (22:1), charac- 
teristic of the seed oils of a number of spedes within the 
Brassicaceae. There are currently more than 1000 patented 
apphcations for C22 oleochemicals and their derivatives 
(Sonntag, 1991; Taylor et al, 1992c; N.O.V. Sonntag, per- 
soncd communication). Research to maximize the VLCFA 
content of industrial rapeseed, for example, is an important 
effort being pursued in several biotechnology and breeding 
laboratories (Taylor et al., 1992c; Murphy, 1993). 

In the course of characterizing the enzymes involved in 
the formation of VLCFAs in the Brassicaceae, we have 
generated a series of mutants of Arabidopsis thaliana that are 
defident in the accumulation of VLCFAs (Kunst et al, 1989, 
1992a, 1992b). Detailed analyses of these mutants contrib- 
ute to our imderstanding of the organization of the elon- 
gases and their role in the lipid bioassembly pathway. 
Furthermore, with the development of Arabidopsis as a 
model organism for plant molecular genetics, it is possible 
to done genes in the lipid pathway affected by mutations, 
using the techniques of chromosome walking from RFLP 



Abbreviations: ACCase, acetyl-CoA carboxylase OBC 6.4.1.2); 
ACP, acyl carrier protein; cM, centiMorgan; DAG, sn-l,2-diacylg- 
lycerol; DGAT, sn-1,2 diacylglycerol acyltransferase (EC 2.3.1.20); 
A15 desaturase, linoleate (ci>>3) desaturase; A12 desatiu'ase, oleate 
(a>-6) desaturase; d.p.a., days postanthesis; EMS, ethyl methane- 
sulfonate; FAME, fatty add methyl ester; G-3-P, glycerol-3-phos- 
phate; GPAT, glycerol-3-phosphate acyltransferase (EC 2.3,1.15); 
KAS II, S-ketoacyl-ACP synthetase II; LPA, lyso-phosphatidic add; 
MAG, monoacylglycerol; PA, phosphatidic add; PC, phosphati- 
dylcholine; RFLP, restriction fragment length polymorphism; 
TAG, triacylglycerol; VLCFA, very long-chain (>C^^ fatty add; 
WT, wild type; 16:0, palmitic add; 18:0, stearic add; 18:1, oldc 
add, ds-A9-octadecenoic add; 18:2, linoldc add, cis-A9, A12-octa- 
decadienoic add; 18:3, or-linolenic add, ds-A9, A12, A15-octadeca- 
trienoic acid; 20:0, eicosanoic add; 20:1, cis-All -eicosenoic add; 
20:2, cis-All, A14 eicosadienoic add; 22:0, docosanoic add; 22:1, 
erudc add, ds-A13-docosenoic add. 
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sites (Meyerowitz, 1987; Arondel et al., 1992; Dean, 1993) or 
T-DNA tagging (Dean, 1993; Yadav et al., 1993). One mu- 
tant, AC56, has been shown to be deficient in elongase 
activity (Kunst et al., 1989, 1992b). Here we report the 
detailed characterization of another mutant, ASH, which 
has reduced 20:1 and 18:1 and, instead, accumulates 18:3. 
The results suggest that, rather than a deficiency in the 
capacity to elongate 18:1, this mutant has a reduced di- 
acylglycerol acyltransferase activity that results in modu- 
lation of 20:1 biosynthesis. Thus, we have shown for the 
first time in A. thaliana that changes to lipid bioassembly at 
the level of the Kennedy pathway can result in dramatic 
changes in extraplastidic fatty add modification. 

MATERIALS AND METHODS 

Plant Material 

Several populations of Arabidopsis thaliana (L.) Heynh. 
(ecotype Columbia; WT) were mutagenized separately by 
soaking the seeds (M,) for 16 h in 0.3% (v/v) EMS as 
described by Haughn and Somerville (1986). seeds were 
germinated, and plants were grown to maturity and al- 
lowed to self-fertilize to produce M2 seeds. Approximately 
9000 randomly chosen M2 seeds were planted, and plants 
were again self-fertilized and then harvested individually 
to give several thousand M3 families. M3 seed samples 
(20-30 seeds) were treated with methanolic HCl (see be- 
low) to digest the tissue and convert the fatty acids present 
in the seed oil to the corresponding FAMEs. The FAME 
samples were then screened by GC for changes in acyl 
composition as described by Kunst et al. (1992b), Families 
with altered VLCFA content were retained. Fifteen seeds 
from each potentially interesting M3 family were planted 
and harvested separately. The FAME composition of a 
number of M4 seeds from each of the 15 M3 plants was 
analyzed to determine whether the trait was stably inher- 
ited and was segregating and to isolate a homozygous line. 
Selected lines were backcrossed to the WT at least twice 
before being used for analyses. All plants were grown in 
growth chambers under continuous fluorescent illumina- 
tion (150-200 piE m"^ s"^) at 22^C on Terra-lite Redi-earth 
(W.R. Grace and Co., Canada Ltd., Ajax, ON, Canada). 
Under these growth conditions, one generation took 8 to 10 
weeks. 

Linkage tester lines in ecotype Landsberg erecta were 
utilized in preliminary investigations to map the mutation. 
The W-100 line contained two visible markers for each of 
the five A, thaliana chromosomes (Koomneef and Hanhart, 
1983; Koorrmeef et al., 1983, 1987). Line PBIl contained 
multiple chromosome 2 markers sti, cp2, er, as, and cer8. 
The genetic distances between the various lod were as- 
sessed with the computer program LINKAGE-1 (Suiter et 
al., 1983). The estimates of the recombination percentages 
(r) for double crossovers were corrected using the Kosambi 
mapping function, converting them to map distances 
(D) in cM: D = 251n(100 + 2r/100 - 2r) with sd = 2500s,/ 
2500 - (where is the so of r) (Koomneef et al., 1983). 

Studies of the germination responses of WT and ASH 
seeds to exogenously supplied ABA were performed as 



described by Fiiikelstein and Somerville (1990), and tests of 
seed dormancy using developing seeds isolated from WT 
and ASH siliques were conducted as described by Karssen 
et al. (1983). 

Substrates and Reagents 

[l-^'*C]oleic acid (58 mCi mmol"^) was purchased from 
Amersham Canada, Ltd. (Oakville, ON), and [l-^'^Clerucic 
acid (52 mCi mmol"'), [l-^*C]sodixmi acetate (59 mCi 
mmoP^), and L-a-palmitoyl-2-[l-^*C]oleoyl-PC (58 mCi 
mmol"^) were purchased from NEN Research Products 
(Mississauga, ON). [l-^'^CJEicosenoic add was sjmthesized 
as described previously (Kunst et al., 1992b). 1-^^C-labeled 
fatty adds were converted to the corresponding acyl-CoA 
thioesters using the method described by Taylor et al. 
(1990). [1-^^C116:0-ACF (56 mCi mmoP^) was synthesized 
and kindly provided by Dr. John Ohlrogge (Michigan State 
University). Specific activities were adjusted as required by 
diluting with authentic unlabeled standards. Unlabeled 
acyl-CoAs, sodium acetate, ATP, CoA-SH, NADH, 
NADPH, polyvinylpolypyrrolidone, (±)-ABA, polar lipid 
standards, and most other biochemicals were purchased 
from Sigma. Neutral lipid standards were obtained from 
NuChek Prep, Inc. (Elysian, MN), and FAME standards 
were supplied by Supelco Canada, Ltd. (Oakville, ON). 
Mixed TAG and DAG standards for GC, which were not 
commerdally available, were synthesized from the corre- 
sponding DAGs or MAGs by condensation with the appro- 
priate acyl chloride and purified as described by Taylor et 
al. (1991). HPLC-grade solvents (Omru-Solv, BDH Chemi- 
cals, Toronto, ON) were used throughout these studies. 

Harvests of Developing and Mature Seed^ Leaf, and 
Root Tissue 

In all analyses discussed hereafter, the stages of seed 
development examined (in d.p.a) are described as: "milk/' 
(11 d.p.a. for both WT and ASH), "early gr^n" (13 d.p.a. 
for WT, 16 d.p.a. for ASH), "green" or "mid-development" 
(15 d.p.a. for WT, 21 d.p.a. for ASH), "green-brown" (19 
d.p.a.. for WT, 25 d.p.a. for ASH), and "mature" dry (21 
d.p.a. for WT, 28 d.p.a. for ASH). Developing seeds at the 
desired stages were harvested from siliques and used im- 
mediately or frozen in liquid nitrogen for further analysis. 
Root tissue was obtained from 4-week-old plants grown in 
liquid cultiire using a protocol adapted from Valvekens et aL 
(1988). Fresh leaf tissue was harvested from 4-week-old seed- 
lings and FAME analyses were performed immediately. 

Fatty Add and Lipid Analyses 

In some cases, lipids were saponified by treatment of 
tissues or reaction mixtures directly with 10% methanolic- 
KOH at 80°C for 2 h. The samples were then addified with 
6 N HCl, and the free fatty adds were extracted with 
hexane. Following removal of the hexane, the fatty adds 
were converted to their methyl esters for GC analysis. For 
FAME analyses, A. thaliana M4 seed, leaf, or root tissues, 
intact lipid spedes, or saponified free fatty add samples 
were treated with 3 n methanolic-HCl (Supelco Canada, 



5/7-1 ,2-Diacylglycerol Acyltransferase Activity and Seed Fatty Acid Composition 



401 



Ltd.), at SO'^C for 2 h after the addition of 1 to 10 /ig of 17:0 
free fatty add as an internal standard. FAMEs were ex- 
tracted and analyzed by GC on a DB-23 column as de- 
scribed previously (Kunst et al., 1992b). 

Total lipid extracts were prepared from seeds at the 
milky and green stages of development and from mature 
seed, and individual polar and neutral lipid classes were 
separated and recovered as described by Taylor et al. (1991, 
1992a). Following purification by chromatography on silica 
gel G columns, TAG or DAG samples were spiked with 
trierudn or 1,2-dierucin as the internal standard, respec- 
tively. TAG and DAG separations were performed using a 
3-m-wide bore DB-1 column on a Hewlett-Packard 5890 
series U GC under the following conditions: injector tem- 
perature, 350°C; detector temperature, 375°C; program: 200 
to 350°C at lO'^C/min, then isothermal for 5 to 10 min; 
coltmtn flow 10 mL/min at a split vent ratio of 10:1. Acyl 
composition assignments were based on retention times of 
standards and confirmed by MS. Intact TAGs were ana- 
lyzed by NH4"^-C1-MS and product ion MS/MS analyses as 
described by Taylor et al. (1995). Stereospedfic analyses of 
TAGs were performed using both pancreatic lipase and a 
Grignard-based method in which MAGs were generated, 
followed by a chiral separation of di-dinitrophenylure- 
thane-MAG derivatives as reported previously (Taylor 
et al, 1994, 1995). 

Acetate Labeling (m Vivo Studies) 

Developing seeds at the green mid-development stage 
were harvested from 50 siliques and placed immediately in 
beakers chilled on ice. Intact seeds of a known fresh weight 
were placed in 10-X 16-mm glass tubes and 40 /iM 
[l-"C]sodium acetate (59 nCi nmoP^), 100 mM Hepes- 
NaOH, and 320 mM Sue were added to a final volume of 2 
mL at pH 7.4. Tubes were shaken at 100 r.p.m. and 30''C 
imder incandescent light (10,000 Lux at the level of the 
seeds) for 18 h. Following incubation, the medium was 
aspirated away, seeds were washed several times with 
2-mL aliquots of distilled water, and then lipids were 
saponified or extracted and analyzed as described above. 

In Vitro Studies 

Cell-free homogenates were prepared from developing 
green WT and ASll seeds as described by Kunst et al. 
(1992b) and adjusted to equivalent protein concentrations 
with grinding medium. Elongase assays were performed 
using 40 ftM [l-'^^Cjoleoyl-CoA (10 nCi nmol'^) and 1 mM 
malonyl-CoA with all other reaction conditions as de- 
scribed by Kunst et al. (1992b). Desaturase assays were 
performed by incubating 150 to 250 ixg of homogenate 
protein with 75 mM Hepes-NaOH, pH 7.4, 1 mM MgClj, 0.5 
mM ATP, 0.5 mM CoA-SH, 1 mM NADH, and 40 /xm 
[l-^*C]oleoyl-CoA (10 nCi nmol'^) or 10 fxM L-a-palmitoyl- 
2-Il-'*C]oleoyl-PC (58 nCi nmol" '), in a final volume of 0.5 
mL in open glass tubes for 30 min at 30**C and 100 r.p.m. 
For the comparative in vitro elongase and desaturase as- 
says, homogenates prepared from developing green seeds 
of lines AC56 (elongase mutant) and AJ70 (A15 desatura- 



tion mutant) were used as controls. KAS n assays were 
conducted by monitoring the conversion of [1-^*C]16:0- 
ACP (56 nCi nmol" ^) to [1-'^]18:0-ACF in the presence of 
100 MM malonyl-CoA, 0.5 mM NADH, 0.5 mM NADPH at 
30°C and 100 r.p.m.> adapted from the method reported by 
Jaworski et al. (1974). Radiolabeled fatty acyl products of 
the elongase, desaturase, and p-KAS-II reactions were iso- 
lated by saponifying the reaction nuxture and converting 
the fatty acids to FAMEs for analysis by radio-HPLC as 
described by Kimst et al. (1992b). ACCase assays of devel- 
oping seeds were carried out using the extraction and assay 
methods described by Parker et al. (1990). Biosynthesis of 
glycerolipids via the Kennedy pathway was monitored by 
supplying homogenates prepared from green developing 
seeds with G-3-P and radiolabeled acyl-CoAs, followed by 
separation and quantitation of lipid species as described 
previously (Taylor et al., 1991, 1992a). Direct assays of 
DGAT activity were performed by supplying homogenates 
prepared from developing seeds at various developmental 
stages with emulsified 1,2-diolein as acyl acceptor, and 
various [l-^*C]acyl-CoAs as acyl donors, followed by 
radio-HPLC measurement of intact labeled TAGs as de- 
scribed by Weselake et al. (1991). Homogenate protein 
concentrations were measured by the method of Bradford 
(1976). 

Northern Analyses for A12 Desaturase and A15 
Desaturase Gene Expression 

Total RNA was extracted from green developing WT and 
ASll seeds using the method of Lindstrom and Vodkin 
(1991). RNA samples were denatured with formaldehyde 
and separated on 1.2% formaldehyde agarose gels. The 
amount of total RNA loaded per lane was calibrated by the 
ethidium bromide-staining intensity of the rRNA bands. 
The RNA was transferred onto a Zeta Probe nylon mem- 
brane (Bio-Rad) and hybridized with ^^P-labeled A12 or 
A15 desaturase probes according to the manufacturer's 
protocol. 

A plasmid pBNDES3 carrying a cDNA clone of the Bras- 
sica napus homolog of the Arabidopsis fadS (A15 desatiu'ase) 
gene was obtained from the Arabidopsis Biological Re- 
source Center at the Ohio State Biotechnology Center (Co- 
lumbus, OH). The open reading frame of the fad2 (A12 
desaturase) gene (Okuley et al., 1994) was PGR amplified 
from A, thaliana DNA (using the oligonucleotides GC- 
CGAATTCATGGGTGCAGGTGGAAGA and GCCGAAT- 
TCCACCATCATGCTCATAACT) and cloned into the plas- 
mid pSE936 (EUedge et al., 1991). The cDNA inserts were 
excised, and the DNA fragments were purified with the 
GENECLEAN D kit (Bio 101 Inc., LaJoHa, CA), labeled with 
^^P using the Gibco BRL Random Primers DNA Labeling 
System as described by the manufacturer (Gibco BRL Life 
Technologies), and used as probes in northern analyses. 

RESULTS AND DISCUSSION 

Mutant Isolation and Fatty Acid and Genetic Analyses 

Direct GC analysis of 2000 M3 families resulted in the 
isolation of 35 mutants with altered seed fatty add com- 
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position. Most of the mutants exhibited one of three dis- 
tinct phenotypes: deficiencies in VLCFA biosynthesis (line 
AC56), A12 desaturation (line AL63), or A15 desaturation 
(line AJ70). The biochemical and genetic characterization of 
mutant AC56 and its allelles (mutants AK57, AT59, and 
AX33) was reported previously (Kunst et aL, 1992a, 1992b; 
Taylor et aL, 1992b). In AC!56, a single semidominant nu- 
clear mutation in the FAEl gene restdted in a deficiency in 
acyl chain elongation from 18:1 to 20:1 and 22:1 and from 
18:0 to 20:0. As a result, the proportion of VLCFAs de- 
creased and that of 18:1 increased dramatically. 

In the present study, an unusual mutant, ASl 1, originally 
reported in 1989 (Kunst et al., 1989), was further character- 
ized. ASH had much reduced proportions of 20:1 and 18:1, 
whereas the proportion and absolute amounts of 18:3 dra- 
matically increased (Fig. 1). The proportion of 18:2 re- 
mained essentially identical with that of WT. In contrast to 
the AC56 mutant, the levels in ASH of the other VLCFAs, 
20:0, 22:0, and 22:1, were not reduced, and 20:2 was, in fact, 
significantly elevated. The ratio of 18:3/18:2 in ASH seed 
was 1.39 ± 0.02, whereas in WT seed, it was 0.65 ± 0.01. In 
having an elevated 18:3/18:2 ratio, ASH is somewhat sim- 
ilar to a mutant JBll {elal, enhanced linolenate accumula- 
tion; 18:3/18:2 ratio 1.04 ± 0.10) previously described by 
Lemieux et al. (1990). However, in contrast to JBll, ASH 
has a drastically reduced proportion of 20:1; in JBll this 




16:0 18:0 18:1c 18:2 18:3 20:0 20:1 20:2 22:0 22:1- 
Fatty Acid 

Figure 1. Fatty acid composition of total lipids in mature A. thaliana 
seed of WT, ASl 1 , and WT x ASl 1 progeny. Values are shown ± 
SE (n = 12). 18:1c is primarily the c/s-A9 isomer, oleic acid (greater 
than 90%) plus a small amount (less than 10%) of the c/s-Al 1 isomer, 
vaccenic acid. 



fatty acid is unaffected. Furthermore, in the present study, 
the mutation in ASH was foimd to be seed specific, with no 
significant effect on the fatty add composition of leaf or 
root lipids (data not shown). In WT and ASH leaves, the 
18:3/18:2 ratios were 3.30 ± 0.21 and 3.46 ± 0.11, respec- 
tively, whereas in WT and ASH roots, the respective 18:3/ 
18:2 ratios were 0.95 ± 0.05 and 0.99 ± 0.02. In contrast, 
JBll, in addition to altered 18:3/18:2 seed ratios, showed 
small but statistically significant increases in the 18:3/18:2 
ratio in leaf and root tissues, relative to WT (Lemieux et al, 
1990). 

To determine the inheritance of the altered fatty add 
composition, 10 M3 seeds of ASH were sown, plants were 
grown to maturity and allowed to self-fertilize, and M4 
seeds were harvested and analyzed by GC, The fatty acyl 
composition of the ASH seeds was virtually indistin- 
guishable from that of the M3 seeds, indicating that the 
altered fatty add composition was heritable and that the 
original ASH M3 line was homozygous. 

To determine the genetic basis for the alteration in fatty 
add composition in ASH, reciprocal crosses were made to 
WT, and the seeds were analyzed. The F^ seeds had 
intermediate levels of 20:1, 18:1, 18:3, and most other fatty 
adds, relative to that of the parental lines (Fig. 1, WT X 
ASH). The intermediacy of these values indicates partial 
dominance and suggests a gene dosage effect, i.e. that the 
amount of available gene product is limiting in ASH, re- 
sulting in these phenotypic changes in fatty add propor- 
tions. The F2 progenies derived from self-fertilization 
of several F^ plants followed a 1:2:1 segregation pattern 
(WT X ASH, 56:132:70; = 1.42; P > 0.5; degrees of 
freedom = 2), as expected if the altered fatty add compo- 
sition is caused by a single nuclear mutation in a gene we 
designate TAGl. 

Complementation tests between AC56 and ASH clearly 
indicated that the ASH mutant represents a different 
complementation group, suggesting that the elongation of 
18:1 in seeds is controlled by several loci. Indeed, two other 
mutants with reduced capadty to elongate 18:1, AK9 and 
BB6, were previously shown to be nonallellic, their fatty 
add phenotypes being due to mutations in two separate 
genes that were also distinct from the gene interrupted by 
the mutation in line AC56 (Kimst et al., 1992b). In prelim- 
inary experiments to determine the chromosomal location 
of the lesion in ASH, the mutant was crossed to a multiply 
marked line (W-100) containing two visible markers for 
each of the five A. thaliana chromosomes (Koomneef et al., 
1983, 1987). An analysis of the F2 progeny indicated that 
the lesion was located on chromosome 2. This result was 
confirmed by analyzing Fj progeny of a cross between the 
ASH mutant and PBIl, a line that carries multiple chromo- 
some 2 phenotypic markers: sti, cp2, as, er, and cer-5. Ex- 
amination of 317 F2 plants indicated that the mutation in 
ASH lies in the region between the sti and cp2 morpholog- 
ical markers, approximately 17.5 ± 3 cM from the sti locus 
and 8 ± 2 cM from the q>2 locus. Thus, the ASH locus is 
distinctly different from FAEl, which was shown to be 
about 11 cM from the cer2 locus on chromosome 4 (Kimst 
et al., 1992a). However, since there is no indication that lod 
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belonging to specific phenotypic groups are preferentially 
located on specific chromosomes (Koomneef et al., 1983)/ it 
is not unexpected that iod affecting VLCFA content may be 
foimd on both chromosomes 2 and 4. 

Biochemical and Analytical Characterization of the 
AS11 Mutant 

It was observed that, although plant growth, flowering, 
and self-fertilization were normal in ASll, seed develop- 
ment was significantly retarded. Whereas WT seed was 
matiue at 21 d.p.a., the ASll mutant siliques were green 
and the seeds were still developing, maturing a full 1 week 
later (28 d.p.a.). In Arabidopsis as in other oilseeds, the 
major accumulation of lipid is known to occur in a well- 
defined and relatively short period during middle to late 
embryogenesis (Mansfield and Briarty, 1992). This period 
of maximal lipid deposition (15-18 d.p.a in WT) was also 
delayed in ASll (21-25 d.p.a.). In addition, the total lipid 
content in mature ASll seed (195 ± 9 fig/mg dry weight) 
was significantly reduced, reaching only about 75% of that 
observed in mature WT seed (262 ± 8 Mg/mg dry weight). 
The fatty acid phenotype of ASll mature seed lipids 
showed marked changes in the proportions of several fatty 
acids: 20:1 and 18:1 decreased by about 60%, whereas the 
proportions of 18:3 increased by 100% (Fig. 1). Similar 
trends were observed in the absolute amounts of these fatty 
acids ifig/mg dry weight) accumulating in mature seed 
lipids (Fig. 5C). Mature seed weights (2.00 :!: 0.05 mg/100 
seeds for both WT and ASll) and protein levels (WT, 106 ± 
4 p-g/mg dry weight; ASll, 112 ± 6 ^tg/mg dry weight) 
were not significantly different. Fresh weights and total 
protein for developing seed at each stage of development 
were comparable in WT and ASll, varying by :S10%. 

To examine fatty add bios3aithe5is in vivo, fatty acid 
analyses were performed on total lipid fractions isolated 
from intact green seeds, harvested from siliques of the WT 
and ASll lines at mid-development (Fig. 2A). ASll 
showed a reduced proportion of 20:1 and 18:1 and an 
increased proportion of 18:3. Seeds at this stage of devel- 
opment were also incubated with [^*C]acetate and the ^"^C- 
labeled de novo synthesized fatty acids were assayed (Fig. 
2B). Relative to WT, in ASll the proportion of l^^C]20:l 
was decreased, whereas the proportion of [^*C]18:2 and 
18:3 were increased slightly, although not yet at significant 
expense to the proportion of [^*C]18:1. The latter observa- 
tion is consistent with the known sequential desaturation 
of 18:1 first to 18:2 and then 18:3. However, it does indicate 
that a strong decrease in the level of newly synthesized 20:1 
was observed prior to a marked increase in the level of 18:3. 
Of equal importance, the overall level of [^^Clacetate incor- 
porated into fatty acids (dpm/mg fresh weight of devel- 
oping seed) was lower in ASll, averaging only 66% of the 
rate of incorporation observed in WT embryos. This find- 
ing is consistent with the lower lipid content in mature 
ASll seed. 

In having altered seed development and reduced levels 
of 20:1, ASll is somewhat similar to the ABA-insensitive A. 
thaliana mutant ABI3 (Finkelstein and Somerville, 1990). 
However, ASll is also characterized by an accumulation of 
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Fatly Acid 

Figure 2. A, Fatty acid composition (mol %) of total lipid extracts 
from WT and AST 1 green seeds at mid-development. B, Proportions 
of '"^Clabeled fatty acids (% total label) produced during an 18-h 
incubation of WT and ASl 1 green seeds at mid-development with 
[1-^^C]sodium acetate as described in ''Materials and Methods.' 

18:3 as the major fatty acid, reduced levels of 18:1, and 
reduced storage lipid in mature seed, whereas in AB13, 18:2 
was the major fatty acid, 18:1 was increased, and there was 
no significant effect on total fatty add content. In addition, 
a major characteristic of all ABA-insensitive {ABI) mutants 
is. the ability of mature seeds to germinate in the presence 
of concentrations of exogenous ABA that fully inhibit ger- 
mination in WT seeds (Finkelstein and Somerville, 1990). 
However, the inhibition of ASll seed germination by ABA 
was similar to that of WT seeds, both being fully inhibited 
by 3 /AM exogenous ABA. Neither did ASll display any of 
the phenotypic characteristics of ABA-defident mutants 
(nondormant seeds; precodous germination in siliques; 
Koomneef et al., 1982; Karssen et al., 1983). Dormancy tests 
in nulky, green, and green-brown developing seeds iso- 
lated from siliques of ASll and incubated under conditions 
of high RH, were negative. The ASll locus on chromosome 
2 is different from the known lod for A. thaliana ABA- 
insensitive mutants {ABll, ABI2, and ABI3, on chromo- 
somes 4, 5, and 3, respectively) and ABA-defident mutants 
(chromosome 5) (Koomneef et al., 1982, 1984). Collectively, 
these data suggest that the ASll mutation is not related to 
ABA-defident or ABA-insensitive A. thaliana mutants. 

Based on the fatty add profile of mature (Fig. 1) and 
developing (Fig. 2) seed of ASll, a lesion in one of at least 
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TAG level in ASll and, more important, a qualitative 
change in the acyl composition of the TAGs that accumu- 
lated. The TAG spedes present in mature seed were con- 
firmed by NH4'*^-C1 MS/MS using the method described by 
Taylor et al. (1995) (data not shown). The shift in the [M + 
18]"*" peaks for all major TAG species generaUy reflected an 
increase in the 18:3 content in ASll, relative to WT, in 
which 18:2 predominated. Of particular note, a set of C55 
([M + \Sr = 927) and Css ([M + 18]* = 957) TAGs 
containing one or two eicosenoyl moieties, respectively, 
which were prevalent in WT, were less intense in ASll, 
whereas the relative intensity of C52 ([M + 18]"^ = 871) and 
Cs4 (IM + 18)**' = 895) TAGs, containing two or three C^g 
fatty adds, respectively, increased in ASll. 

The DAG pool in mature ASll was highly elevated, 
representing 8 to 12% of the total lipid fraction, whereas in 
WT, it was characteristically about 1% or less (Fig. 4). This 
suggested the possibility that the rate of conversion of 
DAG to TAG is limiting in ASll . Although all DAG species 
were increased in ASll, the proportion of DAGs containing 
C20 moieties was most affected. 

An examination of the fatty arid composition of ASll 
and WT seed lipids throughout development indicated 
that, even at the early milky stage, the accumulation of all 
fatty adds was decreased in ASll (Fig. 5 A). However, it is 
evident that the synthesis of VLCFAs was more dramati- 
cally affected than synthesis of 18:2 and 18:3 at this early 
stage. This supports the acetate-feeding data, discussed 
previously (compare Fig. 2B), which indicated that by mid- 
development the elongation of 18:1 to 20:1 diminished 
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Figure 4. Comparison of WT and AS! 1 mature seed DAGs by GC. 
DAG fractions were isolated from equivalent dry weights of mature 
seed and purified and analyzed by GC as described in "Materials and 
Methods." Assignments of major DAG species were based on reten- 
tion times relative to authentic standards. The internal standard 
(dierucin) is not shown. 




16:0 18:0 18:1 18:2 18:3 20:0 20:1 20:2 22:0 22:1 



Fatty Add 

Figure 5. Fatty acyl content of WT and AS1 1 seed lipids at the milky 
(A), green (B), and mature (C) stages of development. 



before desaturation of 18:1 to 18:3 had increased substan- 
tially. By the time maximum TAG deposition began in 
ASll at 21 d.p.a., the acyl pool was dramatically different 
from that of WT seed and reflected a larger concentration 
of 18:3, relative to 20:1 and 18:1 (Fig. 5B). The result was 
that at maturity, in ASll, the levels of 20:1 and 18:1 in 
TAGs were decreased, whereas the level of 18:3 was in- 
creased relative to WT (Fig. 5C). 

The relative proportions of the Kennedy pathway inter- 
mediates LP A, PA, and DAG, and the product TAG, as well 
as PC, were examined in seeds of WT and ASll at the 
milky, green, and mature stages of development. At all 
three stages, the ratio of DAG/LPA plus PA and DAG/PC 
increased, whereas TAG /DAG decreased in ASll relative 
to WT. This trend was readily evident in green developing 
seed (Fig. 6A) and was equally reflected in the ratios of 
lipid species produced by intact seeds at this developmen- 
tal stage, during labeling with [^^Cjacetate (Fig. 6B). There 
was a concomitant increase in all fatty acids in the DAG 
pool of ASll seeds at mid-development, and, to a lesser 
extent, there was an associated backup of fatty acids into 
the PC pool (data not shown). TAG accumulation lagged 
throughout development in ASll, and this was evident 
even at the earliest milky stage. The TAG/ DAG ratio in 
ASll was consistently 3- to 5-fold lower than in WT at each 



406 



Katavic et ai. 



Plant Physiol. Vol. 108, 1995 




WT AS11 



Figure 6. A, Relative proportions of lipid species present in WT and 
ASl 1 green developing seeds. Ratios were derived by comparing the 
levels of all Kennedy pathway intermediates on a pig/mg fresh weight 
basis. B, Relative proportions of radiolabeled lipid species synthe- 
sized during an 1 8-h incubation of WT and ASl 1 green seeds at 
mid-development with (1-'^CJsodium acetate as described in "Ma- 
terials and Methods." Ratios were calculated by comparing the levels 
of all radiolabeled Kennedy pathway intermediates, TAG and PC, on 
a dpnVmg fresh weight basis. 



developmental stage tested (Table II), This finding, com- 
bined with the increase in the levels of DAG relative to 
other Kennedy pathway intermediates (Fig. 6), strongly 
suggested that ASll possessed a lesion that resulted in 
decreased DGAT activity. 



This was confirmed by an in vitro study in which homo- 
genates from WT and ASll green seeds at mid-develop- 
ment were compared for their ability to incorporate 
[^*C]18:l-CoA into glycerolipids in the presence of G-3-P. 
18:l-CoA was chosen as the acyl donor because previous 
stereospeciHc analyses of WT A. thaliana had shown that 
18:1 was incorporated into all three sn positions in about 
equal proportions (sn-1, 30%; sn-2, 37%; sn-3, 33%), sug- 
gesting that the Kennedy pathway acyltransferases had 
similar affinities for 18:l-CoA (Taylor et aL, 1995). Labeled 
DAG/LPA plus PA and DAG/PC ratios remained essen- 
tially unchanged between WT and ASl 1, indicating that the 
activities of the Kennedy pathway enzymes GPAT, LPA 
acyltransferase (EC 2.3.1.51), and PA phosphatase (EC 
3.1.3.4), as well as CDP-choline:sn-l,2-diacylglycerol cho- 
line phosphotransferase (EC 2.7.8.2), were similar in the 
WT and ASll homogenates. However, the ratio of labeled 
TAG/DAG was strongly reduced in the ASll homogenate, 
suggesting that the E)GAT activity was decreased (Fig. 7). 
Similar differences were observed when [^'*C120:l-CoA and 
G-3-P were supplied to ASll and WT homogenates (data 
not shown). 

A detailed stereospecific analysis of the TAGs from ma- 
ture ASll and WT seeds indicated that the composition at 
the sn-3 position was significantly altered in ASll (Table 
III). In particular, relative to WT, there were dramatic 
decreases in the proportions of 18:1 and 20:1 and increases 
in the proportions of 18:2 and 18:3 at the sn-3 position in 
ASll TAGs. These changes generally reflect the major dif- 
ferences in fatty acid content observed in mature seed 
TAGs (Figs. 1 and 5C) and indicate that the conversion of 
DAGs to TAGs is affected in ASll. 

Direct DGAT assays were conducted using 1,2-diolein as 
an acyl acceptor and [^'*C]18:l-CoA as the acyl donor. The 
results confirmed that, throughout development, the ASll 
mutant had much reduced DGAT activity, which was cor- 
related with a decreased TAG and increased DAG content 
(lower TAG/DAG ratio), compared to WT (Table II). How- 
ever, in both WT and ASll homogenates prepared from 
green seeds at mid-development, the DGAT activity was 
considerably higher when assayed in the presence of 20:1- 



Tablc II. Ratio of accumulating TAG/DAG and DGAT activities in WT and ASl 1 seed at various stages of 
development 

Developing seeds of WT and ASl 1 A. thaliana were harvested and total h'pid extracts or homogenates were 
prepared. The relative amounts of TAG and DAG were determined as described in ''Materials and Methods." 
DGAT activity In homogenates was assayed in the presence of 200 /xm 1,2-diolein and 25 /xm [^'^^C]^3'^- 
CoA, with measurement of radiolabeled TAG species conducted as described by Weselake et al. (1991). so ^ 
5% in all cases (n = 2). 
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n.d. 


0.96 


0.55 
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91.0 


19.0 


n.d. 


n.d. 



* n.d.. Not determined. 
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Table III. Siereospecific analyses of the TAG fraction of mature WTandASII seed of A. thaliana 
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47 
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27 


10 
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CoA or 22:l-CoA as compared to 18:l-CoA or .18:2'CoA 
(data not shown). In competition studies, the DGAT in 
homogenates from both WT and ASll exhibited a selectiv- 
ity for 20:l-CoA over 18:2-CoA, incorporating 20:1 into 
TAGs at rates greater than 2-fold higher than 18:2. Thus, 
although DGAT activity was lower in ASll, the preference 
for incorporating very long-chain acyl-CoAs over polyun- 
saturated fatty acyl-CoAs in vitro was not altered. This 
suggests that the shift in 5n-3 acyl composition observed in 
the mature seed TAGs of ASll (Table III) is the cimiulative 
result of reduced DGAT activity throughout development 
(Table H) and its effect on VLCFA bios3mthesis (Fig. 5). 

In summary, the data indicate that the EMS-induced 
lesion in a single nuclear gene in ASll affects the conver- 
sion of DAG to TAG throughout seed development Al- 
though the FAME phenotype would seem to suggest a 
lesion in the elongase complex or an up-regulation of de- 
saturation, there is no biochemical evidence of a lesion 
directly affecting the integrity of the elongase or desaturase 
enzyme systems, although, ultimately, the fatty add com- 
position of seed TAGs is dramatically affected. We propose 
that the mutation in ASll results in a decreased DGAT 

BDAG / LPA + PA 




WT ASll 



Figure 7. Relative proportions of glycerolipids synthesized in vitro 
during incubation of (1-'^CJ 18:1 -CoA and G-3-P with homogenates 
prepared from WT and ASl 1 green developing seed. Ratios were 
cafcutated by comparing the levels of fl-^^CJ 18:1 incorporated into 
Kennedy pathway intermediates, TAG and PC, expressed on a pmol 
min~' mg'' protein basis. 



activity, such that TAG biosynthesis is impeded (locus 
affected by the mutation is designated TAG). Since 20:1 is 
normally incorporated preferentially into the sn-3 position 
by DGAT (see Table III), in ASll there may be an accumu- 
lation of unesterified 20:l-CoA, which could feedback in- 
hibit 18:1 elongation. This appears to lead to increased 
conversion of 18:1 to 18:2 and 18:3. By the time maximum 
lipid deposition begins at about 21 d.p.a. in ASll, the 
acyl-CoA pool available to DGAT is already enriched in 
18:3, to the detriment of 18:1 and 20:1 (see Fig. 5B). Com- 
bined with a lower DGAT activity throughout seed devel- 
opment, the result is that at maturity, ASll has reduced 
TAG levels containing proportionally less 18:1 and 20:1 and 
more 18:3 compared to WT. Although the amoimts of most 
VLCFAs are depressed during development in ASll as 
compared to WT (compare Fig. 5, A and B), the effect is 
most conspicuous by the decrease in 20:1, normally the 
predominant VLCFA in A. thaliana. An exception to this 
trend is 20:2, the product of 20:1 desaturation, which is 
present in higher proportions in mature ASll than in WT 
(Figs. 1 and 5C). This may primarily reflect the fact that, 
since DGAT activity is reduced, some 20:1 is available for 
desaturation. The 20:2 is preferentially inserted into the 
5R-1 position (Table IS), presumably by GPAT, displaying 
a most atypical distribution pattern for a VLCFA in the 
Brassicaceae (Taylor et al., 1995), 

CONCLUSIONS 

To our knowledge, the present study has shovsm for the 
first time in A. thaliana that reduced DGAT activity can 
strongly affect seed development and the pattern of fatty 
acid biosynthesis. In ASll, a decreased DGAT activity is 
correlated vnih delayed seed development, a reduced TAG 
content, and a repression of VLCFA biosynthesis v^th an 
acctunulation of 18:3 in TAGs. These results suggest that 
overexpression of DGAT activity earlier in development 
may provide a means for channeling more carbon into 
VLCFAs and, ultimately, into TAGs. Such indirect regula- 
tory mechanisms may have important implications for ef- 
forts to maxinuze the VLCFA content of other members of 
the Brassicaceae through biotechnology (Taylor et al., 
1992b). The effects of the ASll mutation on DGAT activity 
throughout development and on the acyl composition and 
amount of TAG that accimiulates are unequivocal. How- 
ever, it is not yet dear whether the lesion resulting in 
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decreased DGAT activity is in the DG AT gene itself or in a 
gene encoding a regulatory factor that directly controls 
DGAT. Alternatively, it is possible that the lesion in ASH 
is in a gene regulating seed development which results in 
pleiotropic effects on DGAT activity, fatty acid modifica- 
tion, and TAG bioassembly. Cloning the gene identified by 
the mutation in ASH, using chromosome walking (Kunst 
et al., 1992a, 1992b) or subtractive cloning techniques, will 
help to address these questions. High resolution RFLP 
mapping will reveal the JOT^P marker closest to the gene 
identified by the ASH mutation. This RFLP will serve as 
the starting point for chromosome walking, one of our 
future research goals. 

Many researchers have reported EMS-induced mutations 
affecting seed and leaf fatty acid biosynthesis in A. thaliana 
(James and Dooner, 1990, 1991; Lemieux et al., 1990; Ohl- 
rogge et al., 1991; Arondel et al., 1992; Browse and Miquel, 
1992; Yadav et al., 1993). In an A, thaliana mutant with a 
deficiency in leaf chloroplast GPAT, the cytoplasmic (or 
ER) pathway was found to largely compensate for the 
deficiency in plastid GPAT, providing near-normal 
amounts of all of the lipids reqtiired for chloroplast mem- 
brane biogenesis (Kunst et al., 1988). That seminal investi- 
gation was important in providing a greater understanding 
of the regulation and interaction of the prokaryotic and 
eukaryotic pathways during leaf membrane lipid biosyn- 
thesis. However, to our knowledge, the current study is the 
first to document a mutation affecting the extraplastidic 
Kennedy pathway for storage lipid bioassembly in A, thali- 
ana seeds. Our findings demonstrate the dangers inherent 
in characterizing complex seed lipid mutants based only on 
fatty acid composition obtained by a simple GC analysis, 
and we advocate a more rigorous application of analytical, 
biochemical, and genetic techniques in the analysis of 
EMS-induced mutants to identify strategic target genes in 
this model system. Indeed, it may be prudent to re-examine 
a number of mutant collections, heretofore characterized as 
fatty add biosynthesis mutants (e.g. JBH elal; Lemieux 
et al., 1990) based solely on FAME analyses of seed lipids. 
It may be that some of these are, in fact, mutants with 
alterations to genes encoding other key lipid bioassembly 
(Kennedy) pathway enzymes or regulatory elements affect- 
ing their expression. 
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Summary 

In Arabidopsis thaliana (ecotype Columbia) mutant line 
AS11, an EMS-induced mutation at a locus on 
chromosome II results in a reduced diacylglycerol 
acyltransferase (DGAT; EC 2.3.1.20) activity, reduced 
seed triacylglycerol, an altered seed fatty acid 
composition, and delayed seed development. A 
mutation has been identified in AS11 in a gene, which 
we designated as TAG1, that encodes a protein with an 
amino acid sequence which is similar to a recently 
reported mammalian DGAT, and, to a lesser extent, to 
acyl CoAxholesterol acyltransferases. Molecular analysis 
revealed that the mutant allele in AS11 has a 147 bp 
insertion located at the central region of intron2. At the 
RNA level, an 81 bp insertion composed entirely of an 
exon2 repeat was found in the transcript While the 
seed triacylglycerol content is reduced by the lesion in 
AS11, there is no apparent effect on sterol ester content 
in the mutant seed. The TAG1 cDNA was over-expressed 
in yeast and its activity as a microsomal DGAT 
confirmed. Therefore, the TAG1 locus encodes a 
diacylglycerol acyltransferase, and the insertion 
mutation in the TAG1 gene in mutant AS11 results in its 
altered lipid phenotype. 

Introduction 

Plant seed oils are major sources of essential polyunsatu- 
rated fatty acids for human diets and renewable feedstocks 
for chemical industries. The enzymes of the fatty acid 
synthase complex in the plastids of developing seeds are 
responsible for the biosynthesis of fatty acids that are 
channelled into the cytosolic acyl CoA pool to sustain 
triacylglycerol accumulation. Triacylglycerol (TAG) bio- 
synthesis is located in the endoplasmic reticulum, with 
glycerol-3-phosphate and fatty acyl CoAs as the primary 
substrates. There are three acyltransferases involved in 
plant storage lipid bioassembly, namely the glycerol-S- 
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phosphate acyltransferase <GPAT, EC 2.3.1.15), the /yso- 
phosphatidic acid acyltransferase (LPAT, EC 2.3.1.51) and 
the diacylglycerol acyltransferase (DGAT, EC 2.3.1.20). 
These three acyltransferases catalyse the stepwise acyla- 
tion of the glycerol backbone, with the final step being the 
acylation of s/)-1,2-diacylglycerol (DAG) by DGAT into 
TAGs, a biochemical process generally known as the 
Kennedy pathway (Stymne and Stobart, 1987). DGAT is the 
only enzyme in the Kennedy pathway that is exclusively 
committed to TAG biosynthesis. It has been suggested 
that DGAT may be one of the rate-limiting steps in plant 
storage lipid accumulation (Ichihara eta/., 1988) and thus a 
potential target in the genetic modification of plant lipid 
biosynthesis. However, this hypothesis has not been 
rigorously tested. 

Among the three endoplasmic reticulum-based fatty acyl 
CoA acyltransferases, only the LPAT gene has been cloned 
from plants (Knutzon etal., 1995; Lassner etal., 1995). Like 
several other enzymes involved in storage lipid biosynth- 
esis, acyltransferases are intrinsic ER proteins and are 
extremely difficult to purify. The research on plant DGAT 
has been largely limited to studies of activity profiles by 
using the particulate fractions generated by differential 
centrifugation of seed- or microspore-derived embryo 
homogenates (Weselake etal., 1993). Although partial 
purification of DGAT from cotyledons of germinating 
soybean seeds was reported (Kwanyuan and Wilson, 
1986), detailed molecular characterization of this enzyme 
is lacking. 

We have previously reported the characterization of 
an EMS-induced Arabidopis thaliana mutant AS11, with 
altered fatty acid composition (Katavic etaL, 1995). In 
comparison to wild-type plant seeds, AS11 seeds have 
reduced levels of the very long chain fatty acid 
eicosenoic acid (20:1) and reduced oleic acid (18:1) 
and accumulate a-linolenic acid (18:3) as the major fatty 
acid in triacylglycerols. The AS11 mutant has a con- 
sistently lower ratio of TAG/DAG in developing seeds, 
and accumulates an elevated amount of seed DAG, the 
substrate of diacylglycerol acyltransferase. Through a 
series of biochemical analyses, we showed that AS11 
had reduced diacylglycerol acyltransferase activities 
throughout seed development AS11 also has a reduced 
oil content phenotype, providing evidence that DGAT 
may be controlling flux into TAG biosynthesis. Genetic 
analysis indicated that the fatty acid phenotype is 
caused by a semi-dominant mutation in a nuclear gene, 
designated TAG1, The mutation was mapped to chro- 
mosome II, and was estimated to lie in the region 
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approximately 17.5 ± 3 cM from the sti locus and 
8±2cl\/l from the cp2 locus. 

Here we report the identification, functional assignment 
and cloning of this diacylglycerol acyltransferase-related 
gene, TAGh from Arabidopsis thaliana through a databank 
sequence search and assisted by map-based information. 
Our data demonstrate that the encoded product of the 
TAG1 gene is homologous to the mammalian DGAT 
reported recently, and functions as a DGAT. 

Results 

Isolation of the TAG1 cDNA from Arabidopsis thaliana 

Since one of the most Nicely defects in AS11 mutant is in 
the DGAT itself, we therefore attempted cloning strategies 
based on sequence information for enzymes that share 
common substrates with DGAT. One of the candidate 
enzymes that would serve this purpose Is acyl 
CoAxholesterol acy transferase (ACAT, EC 2.3.1.26) 
(Chang etaL, 1997). Like DGAT, ACAT is an ER protein 
functioning as an 0-acyltransferase by using acyl CoA as 
the fatty acyl donor for the esterification of free cholesterol 
to generate sterol esters. Through a BLAST database 
search, we identified an Arabidopsis thaliar\a expressed 
sequence tag (EST) (accession number AA042298) with a 
deduced amino acid sequence showing 41% identity to 
that of the yeast acyl CoAxholesterol acyltransferase 
(Yang etal, 1996; Yu etal, 1996) within the short (104 
amino acids) sequence that was available for the EST. 

The corresponding cDNA (E6B2T7) clone was obtained 
from the Arabidopsis Biological Resource Center, 
Columbus, Ohio, USA. Upon complete sequencing, the 
878 bp E6B2T7 clone was found to be a partial cDNA. 
However, the ORF prediction from this partial cDNA 
confirmed the initial EST search results in that the encoded 
product is structurally similar to ACAT, especially in the 
regions at the C-terminus. We were confident that the 
cDNA contained the 3' untranslated region through an ORF 
search, although the polyA tail was missing. 

We further used the partial cDNA sequence to search 
against Arabidopsis thaliana genomic sequence informa- 
tion. Subsequently, an Arabidopsis 'IGF' BAC clone 
'F27F23' (accession number AC003058) was identified to 
include a region that matches the cDNA, and therefore it 
was concluded that this is the region encompassing the 
corresponding gene. Moreover, we were particularly 
encouraged by the fact that 'F27F23' is contained in the 
YAC clone, CIC06E08, which, according to the published 
map position (http://weeds.mgh.harvard.edu/goodman/ 
c2_b.html), represents a region between cM 35.9 and 38.7 
on chromosome II, similar to the location estimated for 
TAG1 (Katavic etal, 1995). In view of our previous results 
on the characterization of the AS11 mutant, the map 



position of this gene strongly suggested that it may 
encode a gene related to DGAT. 

To clone a full-length cDNA, we designed a series of 
oligonucleotide primers based on the genomic sequences 
located at different positions 5' upstream of the region 
covering the partial cDNA. We used these primers in 
combination with a primer located at the UTR of the 
partial cDNA (E6B2T7) to perform PCR reactions with 
cDNA phagemid prepared from an Arabidopsis thaliana 
(ecotype Columbia) silique-specific cDNA library (Giraudat 
etal, 1992) as template. The longest cDNA amplified was 
1904 bp, which we subsequently designated as TAG1, and 
deposited into Genbank under accession number 
AJ238008. We believe this cDNA represents a full-length 
clone because its size is in agreement with that of the 
transcript detected in the Northern blot (see below). The 
longest open reading frame is flanked by a 134 nt 5' 
untranslated region and a 203 nt 3' untranslated region. 
There is an in-frame stop codon (TGA at position nt43) 
which is followed by an in-frame ATG at position nt 139. It 
is thus inferred that the ATG at position nt139 is the 
initiation codon. 

The primary structure of TAG1 predicts a DGAT-related 
enzyme 

The predicted open reading frame of the TAG1 cDNA 
encodes a polypeptide of 520 amino acids with a calculated 
molecular weight of 58993 Da. Using the BLAST search 
program (Altschui etal, 1990), it was found that the recently 
reported mouse diacylglycerol acyltransferase (accession 
number AF078752) (Cases etal, 1998) showed the highest 
sequence similarity to the deduced amino acid sequence of 
TAG1 (Figure la). TAG1 was also similar to a human acyl 
CoAxholesterol acyltransferase-related enzyme (accession 
number AF059202). The human acyl CoAxholesterol 
acyltransferase-related enzyme, also known as ARGP1, is 
most likely to be a DGAT with no significant ACAT activity, 
although the true nature of the enzyme awaits further 
confirmation (Oelkers etal, 1998). The similarity between 
TAG1 and the mammalian DGAT extends over a region of 
more than 400 amino acids with a sequence identity of 
about 41%. A putative diacylglycerol/phorbol ester-binding 
motif, HKW-X-X-RH-X-Y-X-P, a signature sequence ob- 
served to be unique to DGAT while absent in the ACATs 
(Oelkers etal, 1998), is located at amino acids 414--424 
(Figure la). Among other cloned acyltransferases (e.g. 
GPATs, LPATs, dihydroxyacetone phosphate acyltrans- 
ferases), it has been reported that there is an invariant 
proline in a highly hydrophobic block IV that may 
participate in acyl CoA binding (Lewin et a/., 1999). In the 
TAG1 sequence, the hydrophobic block from residues 221- 
229 containing an invariant proline at residue 224 might 
constitute such a motif. 
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^ Hgurel. Analysis of TAG1 protein sequence. 

(a) Comparison of TAG1 sequence and mammalian DGATs. AtTAGl, 
A thaliana TAG1; MDGAT, mouse DGAT; HARGPl, human ARGP1 
protein. Identical amino acid residues are highlighted in black. Conserved 
residues are shaded. The overlined segment indicates the insertion 
generated from the mutation in AS11. The putative diacylglycerol 
binding site is underlined. The asterisk denotes the SnRKI potential 
targeting site. 

(b) Kyte-Doolittle hydropathy plot of the TAGI protein. 



TAG1 showed some sequence similarity to other acyl 
CoAxholesterol acyltransferases from a number of species 
(Chang etal., 1997) (data not shown). However, this is 
largely confined to the C-terminus, and is significantly 
lower (around 30%) than the similarity of TAGI to the 
mammalian DGAT. 

The TAG1 protein has multiple hydrophobic domains 
(Figure lb) and an analysis by the PC Gene program 
predicted that the protein has five possible transmem- 



brane segments (amino acids 178-195, 233-253, 363-388, 
43S-476, 486-507). In the mammalian DGAT, a putative 
tyrosine phosphorylation motif was observed (Case etat., 
1998), but no apparent tyrosine phosphorylation site could 
be found in TAGI. However, a visual examination revealed 
a consensus sequence (X-L^^^-X-K^^^-X-X-S^^^-X-X-X-V^^) 
identified as a targeting motif typical of members of the 
SnRKI protein kinase family. The SnRKI (SNFI-related 
protein kinase-1) proteins are a class of Ser/Thr protein 
kinases that have been increasingly implicated in the 
global regulation of carbon metabolism in plants (Halford 
and Hardie, 1998). Interestingly, similar SnRKI targeting 
motifs could also be identified in the LPATs from coconut 
(Knutzon efa/., 1995) and meadowfoam (Lassner etal., 
1995), respectively. 

The TAGI gene is ubiquitously expressed in Arabidopsis 

Northern blot analyses were performed to investigate the 
expression profile of the 7AG7 gene. Total RNA was 
extracted from different tissues, including roots, leaves, 
flowers, developing siliques, young seedlings and germi- 
nating seeds. We observed the highest steady-state level 
accumulation of TAGI transcripts in RNA isolated from 
germinating seeds and young seedlings (Figure 2a). TAGI 
transcripts were also detected in root, leaf and flower 
tissues, albeit at lower levels. Surprisingly, the TAGI gene 
is expressed in developing siliques at a level that is 
comparable to that of other vegetative tissues, but lower 
than that of germinating seeds and young seedlings. This 
expression profile in general is not inconsistent with the 
notion that DGAT is present in all plant tissues capable of 
TAG biosynthesis (Kwanyuan and Wilson, 1986). It has 
been shown in a number of plant species, including 
soybean and safflower, that germinating seeds actively 
synthesize TAGs (Ichihara and Noda, 1981; Kwanyuan and 
Wilson, 1986). The relatively high level of expression in 
roots is also consistent with the fact that root plastlds are 
capable of synthesizing large amounts of fatty acids to 
sustain a very active TAG bioassembly process (Sparace 
etaL 1992). 

Southern blot hybridization was performed with geno- 
mic DNA digested with several restriction enzymes 
including Bgl\l EcoRI and H/ndlll. The TAGI gene has no 
internal Bgl\\ and H/'ndlll sites, while one internal EcoRI site 
exists. Our Southern analysis suggested that TAGI most 
likely represents a single-copy gene in the Arabidopsis 
genome (Figure 2b). 

An insertion mutation is found in the TAGI gene in 
mutant AS11 

Alignment of the genomic sequence (accession number 
AC003058) with that of the Tagi cDNA revealed that the 
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Rgure2. Northern and Southern analyses of the TAG1 gene. 

(a) Northern analysis of TAG1 gene expression in Arabidopsis thaliana. 
Total RNA was extracted from roots (RT), leaves (LF), flowers (FL), young 
seedlings (YS), developing siliques (SL) and germinating seeds (GS). 

(b) Southern blot analysis of the TAG1 gene in Arabidopsis thaliana. 
Genomic DNA was digested with restriction enzymes Bgl{\ (lane IK fcoRI 
(lane 2) and Hindlll (lane 3). The TAG1 DNA probe was ^P-labelled by 
random priming. 



TAG1 gene contains 16 exons and 15 introns, spanning 
a region of about 3.4 kb (Figure 3a). DNA containing the 
TAGI allele from AS11 was PCR-amplified and complet- 
ely sequenced. The AS11 TAGI allele has a 147 bp 
insertion located at the central region of intron2. The 
insertion is a duplication of a segment that is composed 
of 12 bp from the S' end of intron 1, the entire sequence 
of exon2 (81 bp) and 54 bp from the 5' end of intron 2. 

In order to rule out the possibility of PCR artifacts, two 
sets of primers were used to perform further PCR 
amplifications. Primers A and B (see Experimental proce- 
dures) located in exons 1 and 3, respectively, amplified a 
DNA fragment that is about 150 bp longer from AS11 
(Figure 3b, lane 2) than that from the wild-type (Figure 3b, 
lane 1). The second pair of primers, C and B (see 



Experimental procedures), with one to be found in both 
exon 2 and the insertion segment, and the other located in 
exon3, generated two amplified fragments from AS11 
(Figure 3b, lane 4) but only one from the wild-type 
(Figure 3b, lane 3). Hence these results confirmed that the 
insertion mutation we identified through sequencing 
reflected the true nature of the mutation in the TAGI gene 
in the AS11 genome. 

The AS11 TAGI transcript has an 81 bp insertion in its 
open reading frame 

Northern blot analyses indicated that there was no 
difference in the expression profiles of the TAGI gene 
between the AS11 mutant and wild-type A thaliana 
(data not shown). In order to investigate the effect of 
the mutation at the transcript level, reverse-transcription 
PCR (RT-PCR) was performed to amplify the TAGI 
transcript from RNA extracted from germinating seed- 
lings of mutant AS11. Sequencing analysis revealed that 
there is an 81 bp insertion composed entirely of exon 2 
in the transcript from AS11. The exon 2 in the repeat is 
properly spliced. The alteration of the transcript thus 
does not disturb the reading frame. However, this 
additional exon 2 sequence in the AS11 transcript would 
result in an altered DGAT protein with a 27 amino acid 
insertion (^^^SHAGLFNLCVWLIAVNSRLIIENLMK^^^). As 
documented previously, there is a 40-70% reduction in 
DGAT activity throughout AS11 seed development 
(Katavic etal., 1995). The 81 bp insert responsible for 
reduced DGAT activity in AS11 is visible in the 
comparison of RT-PCR products (compare Figure 3b, 
lane 5 (WT) and lane 6 (AS11).) 

The TAG^ gene insertion /n Arabidopsis niutantASH 
affects seed triacylglyceroi accumulation, but not sterol 
ester accumulation in seeds 

Because TAGI also showed some sequence homology 
to ACATs from a number of species (Chang etal., 1997), 
we decided to compare both triacylglyceroi and sterol 
ester accumulation in seeds of the wild-type A thaliana 
and AS11 mutant. While the triacylglyceroi content and 
TAG/DAG ratios were reduced in AS11, consistent with 
our previously published findings (Katavic etal., 1995), 
the proportions of sterol esters in WT and AS11 seeds 
were similar, at 0.8 and 1% of the total lipid extract, 
respectively (Table 1). If the TAGI lesion affected ACAT- 
like activity, one might expect a reduction in seed sterol 
esters, but this was not observed. These results 
indicated that TAGI is not involved in sterol ester 
homeogenesis, and thus is not an acyl CoA:sterol 
acyltransferase. 
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RgureS. Analysis of the insertion mutation 
in the TAGI gene of ASH. 

(a) Diagrammatic representation of the 
TAGI gene structure. The boxes indicate the 
15 exons (solid boxes for coding regions, 
open box for untranslated regions), and the 
lines represent introns, A. B and C denote 
the positions of the primers used for PGR 
amplifications of the segments from wild- 
type (WT) and AS11. 

(b) Gel separation of the PGR products 
amplified from wild-type (WT) and AS 11. 
Lane 1, PGR product with primers A and B 
using WT genomic DNA as template. Lane2, 
PGR product with primers A and B using 
AS11 genomic DNA as template. Lane 3, 
PGR product with primers G and B using 
WT genomic DNA as template. Lane 4, PGR 
product with primers G and B using ASH 
genomic DNA as template. Lane 5, RT-PCR 
with primers A and B using RNA prepared 
from WT seedling RNA. Lane 6, RT-PCR 
with primers A and B using RNA prepared 
from AS11 seedling RNA. 



m 
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Table 1. Comparison of AS11 (Katavic etaL, 1995) and wild-type A. thaliana seeds with respect to lipid profiles at mid-development 
and the relative TAG, DAG and sterol ester contents in AS11 and WT seeds at maturity 



Seed type 


TAG/DAG ratio 




TAG content at maturity 


Sterol esters at maturity (% TLE)** 




Mid-development^ 


Maturity" 


Relative** Actual (nmol/mg DW)*" 




WT 


17 


90 


1.00 255 


0.8 


AS11 


5 


20 


0.6 174 


1.15 



^Embryos staged and lipids measured as described in Katavic era/. (1995). 

^Relative TAG content of 200-seed samples of ASH and WT measured by magic angle sample spinning-^H-NMR according to the 
method of Rutar (1989). The integration response for resonances attributable to liquid-like oil were summed and the value for ASH 
seed is reported relative to the response for the WT control seed sample (the latter set at a value of 1.00). 

TAG content (nmol/mg dry weight) measured by transmethylation of a TLC-purified TAG fraction, followed by GC analysis of fatty acid 
methyl esters. 

^'Total lipid extract (TLE) was prepared as described by Taylor etal. (1991, 1992) and sterol esters Isolated and characterized as 
described in Experimental procedures. 



TAGI expression in yeast 

The TAGI cDNA over-expressed in yeast resulted in a 
3.5-4-foId increase in microsomal DGAT activity com- 
pared to plasmid only {pYES2) control transformants, 
strongly suggesting that the LAG 7 gene product func- 
tions as a DGAT. This trend was identical in crude 
lysates (data not shown) and in microsomal fractions 
prepared by differential centrifugation (Figure 4). In 
contrast when ^"^ClBil-CoA was added to the yeast 
lysates, sterol esters were also labelled in vitro (data not 
shown), but there was no significant difference in the 
^"^C-labelled sterol esters produced by lysates from the 



pYES2 Gal-induced control and the pYES2:TAG1 Gal- 
induced transformant. This further suggests that the 
TAG1 product does not encode an acyl CoA:sterol 
acyltransferase (ACAT homologue). 

Discussion 

We have identified a gene and cloned its corresponding 
cDNA, which encodes a protein with significant primary 
structure similarity to mammalian DGAT. We concluded 
that this gene is the primary lesion in AS11 based on 
our previous genetic and biochemical data, physical 
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Figure 4. Expression of the TAG1 cDNA in yeast. 

Host cultures of strain YMN5 were transformed with pYES2 plasmid only 
{pYES2 Con; without TAG1 insert) or with pYES2 containing the TAGI 
cDNA insert {pYES2:TAGl). Following Induction In the presence of 
galactose, transformants were lysed and assayed for DGAT activity as 
described in Experimental procedures. 

(a) The results obtained in two separate 06AT activity experiments 
performed with microsomal fractions (pYES2Con mic versus 
pYES2:TAG1 mic) are shown. 

(b) Corresponding radlo-TLC scans of the microsomal DGAT assay 
reaction products. The spot intensities are presented on a logarithmic 
scale. Radlolabelled triacylglycerol bands are indicated by the arrow. 



mapping information and gene expression profile, and 
therefore designated it as TAGh Our previous data 
Indicated that the TAGI locus in AS11 has a lesion 
affecting DGAT activity and consequently the amount 
and acyl composition of seed triacylglycerols (Katavic 
etal., 1995). In this study, we have revealed that in 
AS11, there is an insertion mutation in a gene homo- 
logous to the mammalian DGAT that results in an extra 
exon2 sequence in its transcript. The DNA aberration 
observed in this mutant was unexpected, since ethyl 
methanesulphonate (EMS) generally causes point muta- 
tions. Although we cannot rule out the possibility that 
this AS11 mutant was the result of a spontaneous 
mutation event, EMS-induced deletions and Insertions 
have been reported in other systems (Mogami etaL, 
1986; Okagaki efa/., 1991). 



The present research allowed us to conclude that the 
encoded product of the TAGI gene functions as a 
diacylglyceroliacyl CoA acyltransferase. The sequence 
similarity between TAGI and the mammalian DGAT as 
well as the putative diacylglycerol-binding motif favour the 
probability that TAG1 is a plant DGAT. This was confirmed 
by over-expression of TAGI in yeast, and is in accordance 
with the biochemical defect we observed in AS11. 

One could expect that a DGAT gene would be expressed 
highly in developing seeds, a stage where rapid TAG 
deposition takes place. Interestingly, the highest level of 
TAGI transcript we could detect was in germinating seeds 
and young seedlings. It has been shown that DGAT 
activities are present in various tissues, and the rate of 
triacylglycerol synthesis in green cotyledons is about half 
of that in developing seeds (Wilson and Kwanyuan, 1986). 
In fact, DGAT has been detected and partially purified from 
germinating soybean cotyledons (Kwanyuan and Wilson, 
1986). The AS11 oil content is reduced by about 25-35% 
(Table 1), with no wrinkled-seed phenotype as described in 
other low-seed-oil mutants (Focks and Banning, 1998). 

The nature of the mutation in 746 7 would result in a 
structurally altered DGAT, and our Southern analysis 
suggested that TAGI represents a single-copy gene. Our 
biochemical data, which measured acyl CoA-dependent 
DGAT activity, showed that in AS11, there is a reduced 
DGAT activity (40-70% lower than WT), lower seed TAG 
and delayed seed development. However, some DGAT 
activity still remains in AS1 1, and, while seed development 
is delayed, significant TAG eventually accumulates. Thus, 
one possibility is that the lower DGAT activity in AS11 
actually results in the delay of seed development. 
Alternatively, a relatively large proportion of the TAG that 
is synthesized in AS11 could come from another (possibly 
seed-specific) DGAT isoform, or from an alternative 
mechanism, such as diacylglycerohdiacylglycerol transa- 
cylase activity (Stobart etaL, 1997). It may be that, in the 
presence of a poorly functioning DGAT, DAG transacylase 
may play a far more important role than previously 
thought In catalysing TAG biosynthesis in seeds. 

The fatty acyl composition of AS11 seed oil is enriched 
in 18:3 but greatly reduced in 20:1 and 18:1, and the tower 
DGAT activity in AS1 1 results in elevated DAG and reduced 
TAG levels. In a previous publication (Katavic etal., 1995), 
we postulated that the reduced DGAT activity in AS11 
resulted in repression of very long-chain fatty acid (e.g. 
20:1) biosynthesis. However, given our current findings, it 
is also possible to speculate that, because DAG accumu- 
lates and has more time to equilibrate with phosphatidyl- 
choline (via CDP-choline:sn-1,2 diacylglycerol choline 
phosphotransferase, EC 2.7.8.2), this could allow an 
enrichment in conversion of 18:1 to polyunsaturated C^s 
moieties while esterified to phosphatidylcholine. When 
combined with the enrichment of the acyl CoA pool with 



©Government of Canada, The Plant Journal, (1999), 19, 645-653 



TAG1 mutant has insertion mutation in a DGAT 651 



polyunsaturated Cis acyl CoAs released from phosphati- 
dylcholine (via exchange with 18:1-CoA catalysed by the 
reversible //so-phosphatidylcholine acyltransferase (EC 
2.3.1.23)), the end result would be increased 18:2 and 
18:3 in both the acyl CoA pool and phosphatidylcholine 
and DAG pools, with less 18:1-CoA available for elonga- 
tion. Such a scheme could also explain the acyl composi- 
tion observed in AS11. 

It is unclear why the TAG1 is expressed highly during 
seed germination, a stage where lipolytic processes 
normally take place. It has been suggested that there is 
subcellular compartmentation of the synthetic and hydro- 
lytic mechanisms associated with the TAG metabolism in 
germinating cotyledons (Wilson and Kwanyuan, 1986). 
Although TAG1 is expressed at a lower level in siliques 
containing developing seeds, the protein may be very 
stable. In this context, it should be noted that the 
mammalian DGAT is expressed at the highest level in the 
small intestine where fat absorption occurs. In light of the 
putative protein kinase-targeting motif conserved between 
TAG1 and LPATs, it is also reasonable to assume that 
acyltransferase enzyme activities are also regulated at the 
protein level. 

In conclusion, our collective biochemical and cloning 
and sequencing analysis data from the current and 
previous studies of mutant ASH, along with the current 
yeast expression data of the LAG 7 cDNA, suggest that 
TAG1 encodes a DGAT isoform ubiquitously present in A. 
thaliana. 



Experimental procedures 

Plant material 

Arabidopsis thaliana ecotype Columbia and mutant AS 11 were 
grown under conditions described previously (Katavic etaL, 
1995). The A thaliana mutant line AS11 was generated and 
characterized relative to wild-type (WT) A. thaliana ecotype 
Columbia, as described by Katavic etal. (1995). 

DNA manipulation 

Standard methods and procedures were used for DNA prepara- 
tion, plasmid propagation and isolation (Sambrook etal.r 1989). 
Sequencing was conducted on an Applied Biosystems Model 
373A DNA Sequencing System using the Taq DyeDeoxy™ 
Terminator Cycle Sequencing Kit (Applied Biosystems Inc.). The 
nucleotide and the deduced amino acid sequences were com- 
pared with sequences available In databanks using the BLAST 
program (Altschul etaL, 1990). 

Southern and Northern analysis 

Total RNA was extracted from different tissues at various 
developmental stages, using the method of Lindstrom and 
Vodkin (1991). RNA samples were denatured with formaldehyde 



and separated on 1.2% formaldehyde-agarose gels. About S\ig of 
total RNA was loaded, and the amount of RNA per lane was 
calibrated by the ethidium bromide-staining intensity of the rRNA 
bands. Genomic DNA was isolated, digested with restriction 
enzymes, and a Southern blot analysis was performed according 
to Sambrook etal. (1989). The TAGI DNA probe was ^^P-labelled 
by random-priming according to the manufacturer's protocols 
(BRL). 



PCR strategy 

Primers used for the amplification of the TAGI gene were as 
follows: DGAT1 (AGACACGAATCCCATTCCCACCGA), DGAT2 
(AGTGGTGACAACGCAGGGATGATG). DGAT3 (ATGGTCGCTC- 
CCACATTGTGT), DGAT4 (CATACAATCCCCATGACATTTATCA). 
DGAT1 and DGAT2 amplify the 5' half of the TAGI gene and 
DGAT3 and DGAT4 amplify the 3^ end of the TAGI gene. Genomic 
DNA from ASH was used as template for PCR amplification of the 
mutant TAG! allele using the thermal profile: 94°C for 3min; 40 
cycles of 94°C for 30 sec, 62°C for 45 sec, 72''C for 1 min; and finally 
72°C for 15 min. To further confirm the mutation, primers A 
(CGACCGTCGGTTCCAGCTCATCGG), B (GCGGCCAATCTCGCA- 
GCGATCTTG) and C (TAAACAGTAGACTCATCATCG) were used 
in pairs (A and B; B and C) to amplify the internal fragment 
containing the mutation. The primers DGAT1 and DGAT4 were 
used for PCR amplification of the cDNA with an A thaliana sitique 
cDNA library as template. Primers A and B are also used in RT- 
PCR amplification of the cDNA fragment encompassing the 
insertion segment. 

Construction of TAGI multi-copy vector and 
transformation and characterization of DGAT expression 
in yeast 

The TAGI cDNA was cloned into pBluescript SK as described 
(Hadjeb and Berkowitz, 1996). The cDNA was cut out from the 
vector with Kpn\/Xba\, and subsquently cloned into the respective 
sites of the yeast expression vector pyes2 (Invitrogen). The 
construct was confirmed by sequencing. Constructs with Tagi 
transcription under the control of the GAL 7 promoter released a 
fragment of approximately 1.9 kb. Because the TAGI fragment 
has its own initiating ATG codon, the product expressed is not a 
fusion protein. As a host for yeast expression, an SLC deletion 
strain {YMN5 [slc1AZ:LEU2 ura3]) (kindly provided by M.M. 
Nagiec and R.C. Dickson, University of Kentucky, Lexington, 
Kentucky. USA; Nagiec etal., 1993) was used; we reasoned that in 
this mutant, the endogenous DAG pool may be lower than in WT 
yeast, and that this would allow us to maximize the activity from 
over-expressed TAGI in the presence of exogenously supplied 
^^C-DAG during in vitro DGAT assays of transformant lysates. 
Yeast transformation was performed according to Elble (1992). 
YMN5 transformants containing vector only {pYES2) were used as 
controls. Single colonies were cultured overnight in 10 ml of SD 
medium (synthetic dextrose medium with glucose and without 
uracil, as described by Ausubel etal., 1995; vol.2, p. 13.1.3) on a 
rotary shaker (270rev/min) at 28°C. The next day, 1ml of the 
overnight culture was used to inoculate 99 ml of SD medium. 
Cells were grown at 28^C for about 17 h. Then 50 ml of this culture 
were added to 200 ml of SD medium and cells were grown for 4h. 
Cells were pelleted, washed once with cold water, and resus- 
pended in 250 ml of medium for induction of expression (SD 
medium containing 2% galactose (Gal) and without uracil). Cells 
were reincubated at 28°C, with shaking at 270rev/min, and 
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harvested after 4h. Gal-induced yeast transformants were 
harvested by centrifugation at 12500jr for ISmin and resus- 
pended in ice cold 100 mM HEPES-NaOH, pH 7.4, containing 1 mM 
EDTA and 1 mM DTT. All further procedures were carried out at 
A^'C. Cell lysates were prepared using acid-washed glass beads as 
described by Ausubel etal. (1995). Microsomes were prepared 
from yeast transformant lysates by differential centrifugation 
followed by resuspension of the 10 000 ^100 000 g pellet fraction 
in grinding medium as described previously (Taylor etal., 1991). 
Protein in yeast lysates and microsomal fractions were dispersed 
by sonicating fractions on ice for 2min in 30 sec cycles with a 
Labsonic 2000U probe sonicator on the low setting (B. Braun 
Biotech Inc., Allentown, Pennsylvania, USA). Protein concentra- 
tions were measured using the Bradford (1976) assay, protein 
levels in each fraction were normalized, and equivalent aliquots 
(250 ^g protein) were assayed for DGAT activity as described 
below. 



Lipid substrates and DGAT analyses 

^^C-labelled diolein 11-*C oleic] (specific activity 55mClmmoM) 
was purchased from American Radiolabeled Chemicals (St Louis, 
Missouri, USA). The ^^C-labelled s/v1,2-diolein isomer was 
purified by TLC on borate-impregnated plates and emulsified in 
HEPES buffer in the presence of 0.2% Tween-20 as described by 
Taylor etal. (1991). 20:1-CoA, CoASH, ATP and ail other biochem- 
icals were purchased from Sigma. 

DGAT assays were conducted at pH 7.4, with shaking at 100 rev/ 
min in a water bath at ZO°C for 30-60 min. Assay mixtures (0.5 ml 
final volume) contained lysate or microsomal protein (250 ^g), 
90 mM HEPES-NaOH, 0.5 mM ATP, 0.5 mM CoASH, ImM MgClz. 
200 ^M sn-^,2 diolein [1-^% oleic] (specific activity 2 nCi/nmol) in 
0.02% Tween-20, and 18^m 20:1-CoA as the acyl donor. The ^Re- 
labelled TAGs were isolated by TLC on silica geIG plates 
developed in hexanerdiethy) ethenacetic acid (70:30:1 v/v/v/), the 
radiolabelled TAG bands visualized on a Bioscan AR-2000 radio- 
TLC scanner using Win-Scan 2D© software (Bioscan Inc., 
Washington DC, USA) and the bands scraped and quantified as 
described by Taylor etal. (1991). 



Further lipid and sterol ester analyses in ASH and WT 

Total lipid extracts (TLEs) and lipid class analyses in WT and the 
AS11 mutant were performed as described by Taylor etal. (1991, 
1992) and Katavic etal. (1995). Relative seed oil content was also 
measured by magic angle sample spinning ^H-NMR, according to 
the method of Rutar (1989). Analyses were conducted with 200- 
seed samples of intact wild-type and AS11 seeds using a 
BrukerAM wide-bore spectrometer (Bruker Analytische 
Masstechnik GmbH, Karlsruhe, Germany) operating at 360 MHz. 
To reduce anisotropic line broadening, the seed sample was 
rotated at 1 kHz in a zirconium rotor oriented 54.7° to the magnetic 
field. The integration responses for resonances attributable to 
liquid-like oil were summed and the value for AS11 seed was 
recorded relative to the response for the WT control seed sample, 
the latter set at a value of 1.00. 

Sterol esters were purified from the TLEs by thin layer 
chromatography (TLC) on silica H plates developed in hexane:- 
diethyl ethenformic acid (80:20:2, v/v/v). After etution from the 
silica H with chloroform:methanol (2:1, v/v), the sterol esters were 
quantified by saponification followed by methylation of the 
resulting fatty acids with 3N methanolic HCI. The fatty acid 
methyl esters (FAMEs) were analysed by GC as described 



previously (Taylor eta/., 1991). The free sterols released by 
saponification were also analysed by GC on a 30 m DB-5 column; 
GC temperature program: Initial temperature 180°C, increasing at 
lO^Cmin"^ to 300*'C and held at this temperature for 15 min. The 
sterol ester content was reported as a percentage of the TLE, i.e. 
FAMEs released from sterol esters calculated as proportion of the 
FAMEs released by transmethylation of the total lipid extract. 



Acknowledgements 

The authors thank B. Panchuk, D. Schwab and Dr L. Pelcher of the 
PBI DNA Technologies Unit for sequencing and primer synthesis, 
Dr J. Giraudat for the gift of the A. thaliana silique-specific cDNA 
library, B. Chatson for the ^H-NMR analyses, L Steinhauer, E.M. 
Giblin and D.L. Barton for additional technical assistance, D. Reed 
for assistance with graphics, and Drs A. Cutler and P. Covello for 
critical reviews of the manuscript and helpful discussions during 
the course of this work. We also thank Professor Keith Stobart of 
the University of Bristol for suggesting the alternative explanation 
for the altered fatty acid composition observed in the AS11 DGAT 
mutant. This work was partially supported by the Saskatchewan 
Department of Agriculture and Food, SADF Fund No. 96000046. 
This is National Research Council of Canada Publication No. 
42622. 



References 

Attschul, S.F., Gish, W., Miller, W., Myers, E.W. and Lipman, D.J. 

(1990) Basic local alignment search tool. J. MoL Biol. 215, 403- 
410. 

Ausubel, P.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, 
J.G., Smith, J,A. and Stuhl, K. (eds) (1995) Current Protocols in 
Molecular Biology, Vols 1, 2 and 3. New York: Wiley. 

Bradford, M.M. (1976). A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing the 
principle of protein-dye binding. Anal. Biochem. 72, 248-254. 

Cases, S., Smith, J.S., Zheng, Y.-W. etal. (1998) Identification of a 
gene encoding a acyl CoA:diacylglycerol acyltransf erase, a key 
enzyme in triacylglycerot synthesis. Proc. Natl Acad. Sci. USA, 
95, 13018-13023. 

Chang, T.Y., Chang, C.C.Y. and Cheng, D. (1997) Acyl-coenzyme 
Aicholesterol acyltransferase. Annu. Rev. Biochem. 66, 613- 
638. 

Elble, R. (1992)* A simple and efficient procedure for 
transformation of yeasts. Biotechniques, 13, 18-20. 

Focks, N. and Benning, C. (1998) wrinkled 1: a novel, low-seed-oil 
mutant of Arabidopsis with a deficiency in the seed-specific 
regulation of carbohydrate metabolism. Plant Physiol. 118, 91- 
101. 

Giraudat, J., Hauge, B.M., Valon, C, Smalle, J., Parcy, F. and 

Goodman, H.M. (1992) Isolation of the Arabidopsis AB13 gene 

by positional cloning. Plant Cell, 4, 1251-1261. 
Hadjeb, N. and Berkowitz, G.A. (1996) Preparation of T-over-hang 

vectors with high PCR product cloning efficiency. 

Biotechniques, 20, 21-22. 
Halford, N.G. and Hardie, D.G. (1998) SNFI-related protein 

kinases: global regulators of carbon metabolism in plants? 

Plant MoL BioL 37, 735-748. 
Ichlhara, K. and Noda, M. (1981) Lipid synthesis in germinating 

safflower seeds and protoplasts. Phytochemistry, 20, 1245- 

1249. 

Ichihara, K., Takahashi, T. and Fujii, S. (1988) Diacylglycerol 
acyltransferase in maturing safflower seeds: its influences on 



©Government of Canada, The Plant Journal, (1999), 19, 645-653 



I 



TAG1 mutant has insertion mutation in a DGAT 653 



the fatty acid composition of the triacyl glycerol and on the rate 
of triacylglycerol synthesis, Biochim. Biophys. Acta, 958, 125- 
129. 

Katavic, V., Reed, D.W., Taylor. D.C., Giblin, E.M., Barton, D.U 
Zou, J.-T., MacKenzie, S.L, Covello, P.S. and Kunst L (1995) 
Alteration of fatty acid composition by an EMS-induced 
mutation in Arabidopsis thaliana affecting diacylglycerol 
acyltransferase activity. Plant Physiol. 108, 399-409. 

Knutzon, D.S., Lardizabal K.D., Nelson, J.S., Bleibaum, J.L, 
Davis, H.M. and Metz, J. (1995) Cloning of a coconut 
endosperm cDNA encoding a 1-acyl-5n-glycerol-3-phosphate 
acyltransferase that accepts medium chain length substrates. 
Plant Physiol. 109, 999-1006. 

Kwanyuen, P. and Wilson, R.F. (1986) Isolation and purification of 
diacylglycerol acyltransferase from germinating soybean 
cotyledons. Biochim. Biophys. Acta, 877, 238-245. 

Lassner, M.W., Levering, C.K., Davis, H.M. and Knutzon, D.S. 
(1995) Lysophosphatidic acid acyltransferase from 
meadowfoam mediates insertion of erucic acid at the sn-2 
position of triacylglycerol in transgenic rapeseed oil. Plant 
Physiol. 109, 1389-1394. 

Lewin, T.M., Wang, P. and Coleman, R.A. (1999) Analysis of amino 
acid motifs diagnostic for the sn-glycerol-3-phosphate 
acyltransferase reaction. Biochemistry, 38, 5764-5771. 

Lindstrom, J.T. and Vodkin, L.O. (1991) A soybean cell wall 
protein is affected by seed colour genotype. Plant Cell, 3, 561- 
571. 

MogamI, K., O'Donnell, P.T., Bernstein, S.I., Wright T.R.F., 
Emerson, CP. and J.R. (1986) Mutations of the Drosophila 
myosin heavy-chain gene: effects on transcription, myosin 
accumulation, and muscle function. Proc. Natl Acad. Set. USA, 
83, 1393-1397. 

Nagiec, M.M., Wells, G.B., Lester, R.L and Dickson, R.C. (1993). A 
suppressor gene that enables Saccharomyces cerevisiae to 
grow without making sphingolipids encodes a protein that 
resembles an Escherichia coli fatty acyltransferase. J. Biol. 
Chem. 268, 22156-22163. 

Oelkers, P., Behar, A, Cromley, D., Billheimer, J.T. and Sturley, 
ST. (1998) Characterization of two human genes encoding acyl 
coenzyme Acholesterol acyltransferase*related enzymes. J. 
Biol. Chem. 273, 26765-26771. 

Okagaki, R.J., Neuffer, M.G. and Wessler, S.R. (1991) A deletion 
common to two independently derived Waxy mutations in 
maize. Genetics, 128, 42&431. 



Rutar, V. (1989) Magic angle sample spinning NMR spectroscopy 
of liquids as a non-destructive method for studies of plant 
seeds. J. Agric. Food. Chem. 37, 67-70. 

Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular 
Cloning: A Laboratory Manual, 2nd edn. Cold Spring Hart)or: 
Cold Spring Harbor Laboratory Press. 

Sparace, S.A., Kleppinger-Sparace, K.F., Stahl, R.J., Xue, L and 
Qi, Q. (1992) Lipid biosynthesis in pea root plastids and some 
effects of glycolytic intermediates. In Seed Oils for the Future 
(MacKenzie, S.L and Taylor, D.C., eds). Champaign, Illinois: 
AOCS Press, pp. 52-60. 

Stobart, K., Mancha, M., Lenman, M., Dahlqvist, A. and Stymne, 
S. (1997) Triacylglycerols are synthesized and utilized by 
transacylation reactions in microsomal preparations of 
developing saffiower {Cartharmus tinctorius L.) seeds. Planta, 
203, 58-66. 

Stymne, S. and Stobart, A.K. (1987) Triacylglycerol biosynthesis. 
In The Biochemistry of Plants, Vol. 9 (Stumpf, P.K., ed.). New 
York: Academic Press, pp. 175-214. 

Taylor, D.C., Weber, N., Barton, D.L, Underbill, E.W., Hogge, LR., 
Weselake, R.J. and Pomeroy, M.K. (1991) Triacylglycerol 
bioassembly in microspore-derived embryos of Brassica 
napus L. cv. Reston. Plant Physiol. 97, 65-79. 

Taylor, D.C., Barton, D.L, Rioux, K.P., MacKenzie, S.L., Reed, 
D.W., Underbill, E.W., Pomeroy, M.K. and Weber, N. (1992) 
Biosynthesis of acyl lipids containing very-long chain fatty 
acids in microspore-derived embryos of Brassica napus L. cv. 
Reston. Plant Physiol. 99, 1609-1618. 

Weselake, R.J., Pomeroy, M.K., Furukawa, T.L, Golden, J.L, 
Little, D.B. and Laroche, A. (1993) Developmental profile of 
diacylglycerol acyltransferase in maturing seeds of oilseed rape 
and saffiower and micro-spore-derived cultures of oilseed rape. 
Plant Physiol. 102, 565-571. 

Wilson, R.F. and Kwanyuan, P. (1986) Triacylglycerol synthesis 
and metabolism in germinating soybean cotyledons. Biochim. 
Biophys. Acta, 877, 231-237. 

Yang, H., Bard, M., Bruner, D.A., Gleeson, A., Deckelbaum, R.J., 
Aljinovic, G., Pohl, T.M., Rothstein, R. and Sturley, S.L (1996) 
Sterol esterification in yeast: a two-gene process. Science, 272, 
1353-1356. 

Yu, C, Kennedy, N.J., Chang, C.C.Y. and Rothblatt, J.A. (1996) 
Molecular cloning and characterization of two isoforms of 
Saccharomyces cerevisiae acyl-CoA:sterol acyltransferase. J. 
Biol. Chem. 271, 24157-24163. 



GenBank, DDBJ and EMBL mRNA nucleotide sequence database accession number AJ238008 {TAG1 sequence data). 
Note added In proof 

Whilst a revision to this manuscript after its review was in progress, another paper describing A. thaliana DGAT was 
published (Hobbs efa/. (1999) FEBS Lett. 452, 145-149). The two ORFs are identical and Hobbs etaL have shown DGAT 
activity of the ORF product in a recombinant insect cell line culture. 
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